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ABSTRACT 

Two distinct research investigations were performed in this dissertation. 

The first investigation concerned the development and experimental testing of 

two improved numerical models for calculating ultrasonic field distributions in 

layered medium. The new models take into account ultrasound wave reflection 

and refraction at tissue interfaces thereby improving the accuracy of ultrasound 

hyperthermia and surgery treatment planning. It was found that in most cases 

the effects of the soft tissue interfaces can be ignored; however, in some layered 

medium the acoustic focus may be shifted several millimeters off axis. This shift 

is important when sharply focused transducers are used for ultrasound surgery or 

for pulsed, high temperature hyperthermia. 

The second research investigation concerned ultrasound phased arrays. 

Theoretical and experimental studies of spherically curved square-element phased 

arrays for use in ultrasound surgery were performed. Simulation results were 

compared with experimental results for 16-element and 64-element arrays. It 

was shown that phased arrays could control the necrosed tissue volume by us

ing closely spaced multiple foci. Noninvasive necrosis of a 3 x 3 x 3 cm3 tumor 

by multiple sonications with focused transducers and phased arrays were simu

lated. The effects of multiple sonications on near field heating was investigated 

by varying the delay time between consecutive pulses and the movement pattern 

of transducer within the focal plane. It was demonstrated that phased arrays 

can offer significantly shorter treatment times relative to single spherically curved 

transducers. 
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The feasibility of an optimal spherically curved phased array design for 

ultrasound surgery was studied in all its important aspects. A method for de

termining the spatial limitations of the multiple foci region was developed for 

spherically curved phased arrays. The effects on the ultrasound fields of varying 

the phases and the amplitudes at the control points were investigated. For a 

spherically curved phased array with an 8 cm radius of curvature, an S.S x 8.S 

cm2 projected area, and a 1.5 MHz operating frequency, the optimal number of 

phased array elements was 256. 
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CHAPTER 1 

INTRODUCTION 

1.1 Models of ultrasound field calculations 

Focussed high power ultrasound beams offer significant potential in the 

treatment of tumors. By scanning the focus in and around the tumor (Lele, 1983; 

Hynynen et al., 1987; Hand et al., 1992), they can be used to induce hyperther

mia (temperature elevation above 42°C for 30 - 60 min) which is typically used 

in conjunction with standard radiation therapy or chemotherapy. It has also been 

proposed that such a treatment can be given by using short ultrasound bursts 

(1 - 5 s) during which the temperature is elevated to levels (around 55°C) that 

would offer equivalent thermal exposure as standard hyperthermia treatments 

(Britt et al., 1984; Billard et al., 1990). Focussed ultrasound beams have also 

been proposed for non-invasive surgery (Lynn et al., 1942; Lele, 1962; Fry and 

Johnson, 1978; Heimburger, 1985; Moore et al., 1989; Hynynen et al., 1993). For 

ultrasound hyperthermia and surgery treatments of tumors, and also for deter

mining the safety limits of diagnostic ultrasound equipment (AlUM 1988) it is 

very important to be able to calculate the ultrasound field distribution accurately 

in tissue. A theory for approximating the intensity field, pressure distribution, 

and particle velocity of a focused radiator was developed by O'Neil (1949). His 

results showed good agreement with the experimental results of Willard (1949). 



18 

However, the general expression for the off-axis acoustic field distribution is com

plicated and has to use the Rayleigh formula, which contains a double integral. 

For hyperthermia studies the pressure fields have usually been calculated by eval

uating the Rayleigh-Sommerfeld diffraction integral over the surface of a radiator 

for each field point of interest. The reduction of the double integration to a sin

gle integration was developed by Madsen et al. (1981) as well as Swindell et ai. 

(1982). To simplify and speed up the calculations, the soft tissues have been 

simulated as a homogeneous, uniformly attenuating medium (for example Lele 

and Parker, 1982; Hynynen et ai., 1981; Swindell et al., 1982; Roemer et al., 1984; 

Cain and Umemura, 1986; Moros et ai., 1988, 1990; Diederich and Hynynen, 1989, 

1990; Lin et al., 1990). Since the impedances of different soft tissues are very close, 

the sound wave reflection and refraction have been ignored at the tissue interfaces 

when calculating the acoustic power in tissue. For the treatment planning and ex

ecution purposes of the above therapeutic ultrasound exposures, soft tissues have 

been traditionally assumed as a uniformly attenuating homogeneous medium. 

However, with the use of large aperture, sharply focused, and multiple 

ultrasound fields to treat deep tumors, the tissue interfaces have become more 

important. Since millimeter precision of the focal location must be achieved, es

pecially with ultrasound surgery, the effects of soft tissue interfaces should be 

considered. The temperature elevation during a few second exposure is almost 

independent of the tissue perfusion which is the main uncertainty in the tempera

ture calculations. Thus, it may be possible to calculate the temperature elevation 

and eliminate the need of invasive temperature measurements during these treat

ments (Billard et al., 1989, 1990; Davis and Lele, 1989). This requires that the 

ultrasound field distribution and the location of the focus be accurately predicted. 
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For these reasons the effects of wave reflection and refraction at the soft tissue in

terfaces need to be studied, and improved numerical models need to be developed 

that can provide the required information for treatment planning in ultrasound 

hyperthermia and surgery. All previous studies either assumed a uniform medium, 

or neglected the effect of wave reflection and refraction at the interfaces of the 

media. In order to quantify the interface effects, a numerical model was devel

oped in the author's master thesis (Fan, 1992) to account for ultrasound wave 

reflection and refraction at parallel plane interfaces. It was found that in some 

cases the effects of the interfaces distorted and shifted the ultrasound profile from 

the central axis. After the model is tested experimentally it is used to investi

gate the effects of various soft tissue layers on strongly focused ultrasound fields. 

The model is then compared with a simplified model (Swindell et al., 1982) to 

evaluate when the tissue interfaces can be ignored in the treatment planning and 

evaluation. The results should also show the accuracy of the system when used 

in design and optimization studies which until now have assumed uniform acous

tic properties throughout the whole target volume (for example Lele and Parker, 

1982; Hynynen et al., 1981; Swindell et al., 1982; Roemer et at., 1984; Moros et al., 

1988, 1990; Diederich and Hynynen 1989, 1990; Lin et al., 1990). The effects of 

variation in water and tissue temperatures, the fat layer thickness, and the beam 

entrance angles on the acoustic field are also investigated to establish guidelines 

for treatment execution. 

Since real tissue interfaces are often curved rather than parallel flat planes, 

it is important to investigate the effect of such soft tissue interfaces on the power 

deposition in order to improve the accuracy during treatment planning and exe

cution. A numerical model was developed in this work that takes the ultrasound 
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wave reflection and refraction into account for curved interfaces. Then the numer

ical model was verified experimentally. Finally, the model was used to study the 

effects of the curved tissue interfaces on the ultrasound wave propagation. The 

treatment simulations for four clinically relevant anatomical models were executed 

to illustrate the importance of the curved tissue layers. The model of bone-tissue 

interface was also used to study the effect of ultrasound wave reflection on the 

ultrasound field from the bone. 

1.2 Ultrasound surgery with focused transducers and 

spherically curved phased arrays 

In ultrasound surgery, to avoid cavitation and have a sharp boundary be

tween the tumor and normal tissue, high frequency focused transducers have to be 

used (Hynynen, 1991). The focal spots generated by sharply focused ultrasound 

transducers are always small when compared with the diameter of many tumors. 

Obviously this type of focus is not efficient to treat large tumors, which would 

require a large number of exposures to cover the whole target volume. However, 

in order to accurately treat the target volume dose to critical structures, small 

focal spots may be required during part of the therapy. Thus, controllable focal 

spot size is required. The most attractive method to obtain control over the focal 

spot size is to use phased arrays. 

Phased array applicators were introduced to ultrasound hyperthermia can

cer therapy in the early 1980's. During the past decade, many efforts have been 

made to investigate the advantages of phased arrays in hyperthermia, and several 

phased array applicators have been developed. Phased array applicators can be 

divided into the following categories: annular or concentric-ring arrays (Do-Huu 
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and Hartemann, 1981; Cain and Umemura, 1986), stacked linear-phased arrays 

(Ocheltree et ai., 1984), sector-vortex arrays (Cain and Umemura, 1986), tapered 

linear-phased arrays (Benkeser et al., 1987), cylindrical section arrays (Ebbini et 

al., 1988), and square-element spherical-section arrays (Ebbini and Cain, 1991). 

It was shown that ultrasound phased arrays can provide good control over the 

heating pattern with flexibility in moving the focus and producing multiple foci. 

Previous research in ultrasound phased arrays has been concentrated in hyper

thermia cancer therapy. Relatively low frequencies (about 0.5 MHz) and small 

element size (compared to wavelength) were employed in these studies. The stud

ies on square-element spherical-section arrays emphasized using a large number 

of elements, up to a few hundred. The main disadvantage associated with using 

a large number of elements is that the same number of amplifiers and electronic 

circuits are also required. 

A phased array system with a small number of elements was studied in 

this work. It was demonstrated that a 16-element phased array can be utilized 

to provide control over the focal spot size for surgical purposes. The excitation 

signal of the elements vary in both amplitude and phase. Hence the major task 

in utilizing phased arrays is to determine the phases and amplitudes needed to 

produce the desired ultrasound fields. The inverse technique introduced by Ebbini 

and Cain (1989) can be used for direct synthesis of ultrasound fields with multi

ple foci. Several amplitude and phase settings were calculated for different sets of 

selected control points. The limitation of the number of utilizable control points 

was also investigated for a given array. Several simplified amplitude and phase 

settings based on the calculated amplitudes and phases were employed for ultra

sound field calculations. These driving signal sets can be utilized, when different 
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focal spot sizes are required for the array proposed here. The transient bioheat 

transfer equation was employed to estimate the temperature elevation due to the 

ultrasound power deposition. Then the necrosed tissue volume was predicted by 

the isothermal dose volume. Computer programs were also used to do a paramet

ric study to investigate the influence of the dimensions and frequency of the array 

on the necrosed tissue volume. 

High power ultrasound fields can be obtained by using a sharply focused ul

trasound transducer. The size of the necrosed tissue volume generated by a single 

pulse is dependent on the transducer size and radius of curvature, the operating 

frequency, the input power, and the pulse duration (Damianou and Hynynen, 

1994). At practical input powers, the necrosed tissue volume induced by a high 

power strongly focused transducer for a single short pulse is small and cannot 

cover most tumors. Therefore, multiple pulses aimed at different locations within 

the tumor are necessary to cover a tumor completely. Although the temperature 

elevation is small for a short ultrasound burst in a location other than the focus, a 

cumulative temperature elevation will be induced with multiple pulses. This cu

mulative temperature elevation may cause normal tissue damage near the tumor; 

therefore methods of avoiding this kind of damage must be developed in order to 

conduct ultrasound surgery with multiple pulses. To avoid normal tissue damage, 

a time delay between the consecutive pulses can be used (Damianou and Hynynen, 

1993). The treatment time is dependent on the delay time and the total num

ber of pulses and is an important consideration with this surgery, especially when 

MRI is used to guide the operations (Hynynen et al., 1993). When the ultrasound 

pulse duration or input power increase, the necrosed tissue volume will be larger 

and the required number of pulses will decrease; however, the delay time required 
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between each pulse will increase. When the ultrasound pulse duration or input 

power decrease, the necrosed tissue volume will be smaller, and the delay time 

will be shorter; however the total number of pulses will increase. The purpose of 

this study was to quantify the relation between ultrasound pulse duration, input 

power, and delay time to minimize undesirable heating of tissue outside of the 

tumor. This study was done by simulating the treatment of a 3 x 3 x 3 cm3 tumor 

using both focused transducers and phased arrays. 

The number of field patterns that produce significantly different shapes or 

sizes of the necrosed tissue volume is limited with the 16-element phased array. In 

order to obtain the desired field pattern, several field control points are necessary 

to perform the inverse calculations. The number of utilizable field control points 

is limited by the number of phased array elements. To have more flexibility of 

field patterns, the number of elements in a phased array has to increase. Ideally 

it is desirable to have as many array elements as possible. However, for a given 

PZT bowl, it may not be practical to cut it into a large number of elements. On 

one hand, as the elements become smaller, the element efficiency drops rapidly. 

On the other hand, if the generation of a large area using multiple foci is at

tempted, the intensity ratio between the tumor and skin will become small. This 

decreased ratio can cause near field heating and normal tissue damage. If the 

work can be done with a small number of array elements, its not worth building 

a large number of array elements. Therefore, there is an optimal number of array 

elements that can be formed with a given spherically curved PZT bowl. In this 

work, spherically curved phased arrays have been studied to find an optimal de

sign for ultrasound surgery purposes. Two methods of selecting the phases and 

magnitudes of the control points are given here. A systematic study has been 
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done in which the number of phased array elements were varied. The advantages 

of electrically switching a few groups of multiple foci or scanning a single focus 

in ultrasound surgery were investigated. In addition, the phase truncation errors 

due to the hardware driving system was also studied by varying the number of 

bits of resolution used to represent the phase value. 



CHAPTER 2 

MODELS OF ACOUSTIC FIELD CALCULATIONS FOR 

FOCUSED ULTRASOUND TRANSDUCER 

25 

An approximate theory for acoustic field calculation has been derived for 

a concave spherical radiator in a non-absorbing medium (O'Neil, 1949). The 

complex velocity potential for a focused ultrasound transducer is given by the 

Rayleigh-Sommerfeld diffraction integral 

1 fi e-
ikr 

1jJ(r) = - u--ds, 
211" S r 

(2.1 ) 

where k = w / c = 211"/).. is the wave number, ).. is the wavelength, w is the angular 

frequency, c is the velocity of propagation, r is the distance from the point source 

on the radiator to the field point, S is the area of the radiator, ds is the source 

element area, i = J=T, and u = uoe iwt is the uniform normal particle velocity on 

ds (Figure 2.1). Acoustic pressure at the point of interest is given by 

p{r) = p8l/J/8t = iwpl/J = ikZl/J, (2.2) 

where p is the density and Z = pc is the acoustic impedance of the medium. 

The analytical solution of equation (2.1) only exits for the field distributions 

along the axis of symmetry and in the vicinity of the focal plane perpendicular 

to the axis at the center of curvature. Because there is no analytical solution of 

equation (2.1) for the field distribution off the axis, numerical methods must be 
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used. In ultrasound hyperthermia or surgery, water is used as a coupling medium 

between the transducer and tissue. Therefore, to obtain more accurate results 

the effects of media inhomogeneity on the ultrasound wave propagation should be 

taken into account. A simplified numerical model was used to evaluate equation 

(2.1) for an inhomogeneous media. This simplified model ignored the ultrasound 

wave reflection and refraction at the tissue interfaces. Two improved numerical 

models for calculating the ultrasound field in layered medium were developed in 

this chapter. The new models take into account the ultrasound wave reflection 

and refraction at the tissue interfaces. The first model is used for parallel plane 

interfaces, and the second model is used for curved surface interfaces. 

2.1 Simplified model 

The traditional way of performing this integral is to use two-dimensional 

summation over the face of the radiator. The rapid phase variation of the e- ikr 

term forces the summation increments to be very small with correspondingly 

long computation times. The essence of the simplified model is to reduce the 

two-dimensional integral to a one-dimensional integration by considering those 

elements of area on the transducer over which r is essentially constant. These 

elements are annular strips centered on the pedal projection of the field point 

onto the plane of the transducer (Figure 2.2). 

In a weakly attenuating medium, the effect of attenuation can be approxi

mated bye-or' with r' being the path length in the tissue and a being the linear 

amplitude attenuation coefficient. Therefore this effect can be introduced in the 

term e-ikr in equation (2.1) by replacing the real wave number k with a complex 

wave number ke = k - iar, i.e., e-ikr-or. Note that r is the total path length 



which includes the paths both in water and tissue. However, the water is consid-

ered as a no attenuation medium (attenuation is very small). Therefore, the effect 

of attenuation is really in the tissue with path length r'. In order to speed up 

the calculations, all of the attenuation ray paths r' can be assumed the same and 

equal to the normal depth from the water-tissue interface to the point of interest 

in the tissue (Swindell et al., 1982). This assumption, which is true for a planar 

transducer, is a good approximation for a high I-number transducer, but not for a 

low I-number transducer (I-number = radius of curvature of transducer / diameter 

of transducer). The simplification allows the double integration in equation (2.1) 

to be reduced to a single integration to calculate the acoustic pressure distribution 

for a continuolls wave ultrasound transducer (Madsen et al., 1981, Swindell et al., 

1982). The integral can then be approximated by 

-or' M -ikr 
ue '"' e m A 

'IjJ(r) = 27r L....tJ rm m, 
m=l 

(2.3) 

where Am is the area of m's annular strip. The total number of annular strips, 

M, varies depending upon the location of the field point. At power levels in the 

linear ultrasound propagation range, the absorbed power is given by 

(2.4) 

where /-labs is the absorption coefficient of the medium (Nyborg, 1981). This 

water-tissue model can be described as a two layered medium with a flat interface 

parallel to the face of the transducer. The single integration method is fast; 

however, the effects of discontinuities when the wave travels through interfaces 

are not considered. 
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Figure 2.1 Diagram of the transducer in a medium with regard to a Cartesian 
coordinate system. The origin of coordinates is at the center of curvature and the 
z axis is perpendicular to the face of the transducer. 
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Figure 2.2 Annular sections of area Am used in simplified model (illustrated for 
a planar transducer for clarity). 
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2.2 Planar interface model 

In this section, geometrical acoustic theory, ray paths, are used to develop 

the parallel flat plane interface model. The acoustic pressure field from a point 

source below the interface of a layered medium can be calculated by multiplying 

the pressure transmission coefficient and the amplitude diminution factor to the 

acoustic pressure in the first medium. The incidence angle of the ray was uniquely 

determined by the velocities of sound, the thickness of each layer and the distance 

between the point source and the field of interest along the interface direction. 

The ray path lengths, transmission coefficients and amplitude-diminution factor 

can be computed from the incidence angles. 

When sound waves travel through a medium, they may be reflected or 

refracted. Refraction of sound waves occurs when a sound wave arrives at a 

discontinuity or boundary. Some energy crosses the boundary to form transmitted 

waves and the rest is reflected. Snell's law, applied to the acoustic case in Figure 

2.3, is 

(2.5) 

where Cl and C2 are the sound velocities in medium 1 and medium 2; 9j, 9r, and 

9t are the angles of incident, reflection, and transmission, respectively, referenced 

to the normal of the interface of the medium. The pressure field from a point 

source below the interface of a two layered medium has been studied by Hudimac 

(1957), Urick (1972) and Young (1973). To show the sound wave reflection and 

refraction, consider a two layered medium with sound velocity Cj, density Pi, and 

ray path Ti = Hd cos(9d in medium i = 1,2. A point source is located in the first 

medium, and the acoustic pressure needs to be found in the second medium. In 
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order to make the problem simple, assume the interface of the media is a flat plane 

as shown in Figure 2.4. The acoustic pressure in medium 1, just when the ray 

reaches the interface, is that of the direct wave alone, say PI (81 ), multiplied by the 

pressure transmission coefficient Tl (81 ) (see Appendix A for detailed calculations), 

where 

(
ll ) _ f(t - rl/ed 

PI ul -
rl 

(2.6) 

and 

(2.7) 

f(t) is a function characteristic of the source. Thereafter, the ray moves with 

speed C2 in direction 82 in medium 2 at depth H2 • The acoustic pressure at 

the point of interest can now be taken as the pressure at the interface with a 

new phase term, t - Tl / Cl - r2 / C2, times the transmission coefficient Tl ( ( 1 ) and 

the amplitude diminution factor A( ( 1 ). The factor A( ( 1 ) is used to account for 

additional ray-tube spreading in the propagation from the interface to depth H2 • 

To determine A(81 ) (see Appendix B for detailed calculations), consider two rays 

leaving the source at angles 81 and 81 +881 , where both rays have the same azimuth 

angle cP. They cross the interface at cylindrical distances WI and WI + 8W1 and 

subsequently propagate in the refracted directions 82 and 82 + 882 , where 

and (2.8) 

The two rays cross the plane z = HI + H 2 at radial distances of W2 and W2 + t5W2 , 

where by trigonometric theory, 

(2.9) 
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Figure 2.3 Acoustic wave incident on the interface of two media. 
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Figure 2.4 Diagram of the point source in a layered medium with regard to a 
Cartesian coordinate system. 
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and 

2 2 8W2 = HI sec (8t)081 + H2 sec (82 )882 

= [HI sec2 (81 ) + H2 (cd C1) cos( 81 ) sec3
( 82 )]881 . (2.10) 

The relation between 081 and 882 is given by the derivative of Snell's law, 

(2.11 ) 

The ray-tube area just before the ray crosses the interface is (W184> )[0 WI cos(8d]. 

Just after it crosses the interface the ray-tube area is (W184>)[oW1 cos(82 )]. 'When 

it reaches depth HI + H2, the ray-tube area is (W284>)[oW2 cos(82 )]. Thus the ray 

tube area increases by a factor of (W2 0W2 )/(W10Wd, in traversing just below the 

interface to the depth HI + H2. Correspondingly, the pressure amplitude must 

be decreased by a factor of 

(2.12) 

In this manner, one obtains the acoustic pressure in medium 2 as 

(2.13) 

The above idea applied to an L(> 2) layered medium, with L-1 flat plane parallel 

interfaces, allows the pressure in layer L to be written as: 

L-1 L 

pL(8t} = A(8t} II Tj(8j )r1
1 J[t - L(rj/cj)], (2.14) 

j=l j=l 

where Tj is the acoustic pressure transmission coefficient in interface j, r j = 

Hj / cos( II j) is the ray path, C j is the velocity of sound in medium j, and A( 81 ) = 

(W1oWI)1/2/(WOW)1/2. Notice that equation (2.14) does not include the effect 
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of attenuation. Multiple bounces are also ignored. The angles OJ can be found in 

terms of Wand Hj from Snell's law. In general, this requires a numerical solution 

to solve a nonlinear system of equations. The equations are given by 

{ 

Cj sin( 8:+ tl = Cj+1 sin(8j ), 

W = L: Hj tan(Oj) 
j=l 

j = 1,2,···,L-1 

(2.15) 

for the L layered medium. The Newton-Raphson method (see Appendix C) is 

used to solve equation (2.15) (Press et al., 1989). Equation (2.15) is a set of L 

equations with L unknowns. The angles are uniquely determined by ej, Hj and 

W (see Appendix D for detailed calculations). 

In order to apply the above idea to the ultrasound transducer, the surface 

of the transducer was divided into small elements so that each element could 

be treated as a point source. The integral in equation (2.1) has been evaluated 

by using Huygens principle and summing the contributions from each element 

(Zemanek, 1971). For each small element, using equations (2.1), (2.6) and (2.14), 

one can find the acoustic pressure in medium 1 and in medium L as 

(2.16) 

where /::,.smn is the area of the small source element, 071n is the incident angle 

of the ray, kj is the wave number and OJ is the linear amplitude attenuation 

coefficient in medium j. Notice that the effect of attenuation in each medium 

j was approximated by e-CXj Tj. The two mid-point rule was used to evaluate 
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equation (2.1), i.e., sum all of the small elements over the area of the transducer. 

Now, the pressure in medium L for a whole transducer is given by 

M N 

PL = L L~pd8~n), (2.18) 
m=l n=l 

where M x N are the number of elements. The absorbed power is given by 

(2.19) 

where Z L is the acoustic impedance of medium L. 

2.3 Curved interface model 

The acoustic field for a flat circular piston radiator with an outward nor-

mal velocity in a uniform medium can be obtained by the Rayleigh integral. The 

impulse response, or Green's function, is commonly employed to solve this general 

type of problem. Three candidate Green's functions namely the Huygens, Kir

choff and radiating dipole (RD) functions were usefully discussed by Archer-Hall 

and Gee (1980). The choice of Green's function depends on the boundary con

ditions assumed to be most appropriate for the problem at hand. For a focused 

radiator, the theory for calculating the acoustic velocity potential was given at 

the beginning of the chapter. The quantity 

1 e-ikr 

d1jJ = -u--ds 
271" r 

(2.20) 

represents the velocity potential of a point source with strength uds radiating into 

a solid angle 271". Expression (2.1) shows that the velocity potential at a point 

of interest is obtained by the summation of the potential, d1jJ, of an individual 

point source over the area S. It has direct correlation to Huygens principle. If 
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the radiator surface is divided into M small elements, and each element is small 

enough that it can be treated as a point source, then expression (2.1) can be 

evaluated by 

(2.21 ) 

where subscript m corresponds to the mth element. By definition, the particle 

velocity along the radial direction can be obtained from the derivative of the 

velocity potential, 

o1jJ 
v=--or 

_ ik ~ e-
ikrm 

( 1) 
- 27l" ~ U m rm . 1 - i krm /::).Sm· 

m=l 

(2.22) 

The above expressions are valid only in a homogeneous medium. 

Now consider a two layer media separated by a simple curved surface which 

will be assumed smooth with a continuously varying tangential plane. The fo-

cused radiator is located in the first medium and emits power toward the second 

medium (Figure 2.5). Assume the separation between the radiator and interface 

is much larger than the wavelength. In order to accurately calculate the acoustic 

distribution in the second medium, the reflection and refraction at the interface 

must be considered. However, there is no general solution for this problem. A 

new method to solve this problem is now introduced. Since the focused radiator 

concentrates energy in a finite area on the interface, the idea is to treat the in-

terface as a new 'radiator' which emits power into the second medium. So the 

problem now becomes how to determine the particle velocity on the interface. An 

arbitrary infinitesimal area of the interface can be approximated by a plane. The 

wave reflection and refraction occurring at the interface for an incident ray from 
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the source to the interface can be evaluated using plane wave theory. Since the 

source is many wavelengths away from the interface, the plane wave theory is a 

good approximation near the interface. Consider the mth element on the source 

and an infinitesimal area of the interface. The incident ray has an angle 01 with 

respect to the normal of the infinitesimal area. The radial particle velocity in the 

first medium before reaching the interface can be obtained from expression (2.22) 

and is given by the expression, 

(2.23) 

where the minus sign refers to the medium 1 side of the interface. The magni

tude of the particle velocity in medium 2 is equal to the transmission coefficient 

times the particle velocity in medium 1, and its new radial direction is along O2 • 

Therefore the particle velocity normal to the interface in medium 2 is given by 

(2.24) 

where the plus sign refers to the medium 2 side of the interface. The particle 

velocity transmission coefficient Tv is calculated from 

T _ 2Pl Cl cos( 01 ) 

v - P2 C2 cos( Od + PI Cl cos( ( 2 ) , 
(2.25) 

where Pi is the density of the medium and Ci is the speed of sound in the medium 

(i = 1,2), 01 and O2 are the respective incidence and transmission angles, refer

enced to the normal of the surface. The particle velocity normal to the interface 

due to the entire radiator can be calculated by the expression 

(2.26) 
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By employing expression (2.21) and dividing the interface into N number of small 

elements, the acoustic velocity potential in medium 2 can be obtained by 

where Vn is the normal particle velocity on the nth element of the interface, 

which is calculated from equation (2.26). The acoustic pressure in medium 2 can 

be obtained by 

{2.28} 

where k2 is the wave number in medium 2, and Z2 = P2C2 is the impedance of 

medium 2. Finally, the power deposition is given by 

(2.29) 

This technique was expanded to multi-layer media with the layer thickness 

larger than the wavelength. In summary, a new method to calculate the ultra

sound power deposition for multi-layer media has been developed which takes 

into account the ultrasound wave reflection and refraction at the curved inter-

faces. However, there are some limitations in using this method. The interfaces 

of the media must be larger than the beam width so that wave diffraction has 

no effect on the power deposition. The method is valid only for high frequencies 

which are used in hyperthermia and ultrasound surgery, and a layer thickness 

larger than the wavelength. 
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Figure 2.5 Two layered medium separated by an curved interface. 

40 

z 



41 

CHAPTER 3 

VERIFICATION OF NUMERICAL MODELS 

In order to verify the improved numerical models developed in Chapter 2, 

three phantoms were employed in this chapter to construct a layered medium. 

Ultrasound fields were measured in the layered medium and compared to the sim

ulated results. The important measured parameters include the acoustic proper

ties of polyethylene: attenuation coefficient, speed of sound, and density. These 

parameters were used in the theoretical calculations. 

3.1 Measurements 

3.1.1 Acoustic power measurements 

A power transmission test was performed on polyethylene sheets of different 

thicknesses. These sheets were large enough in their lateral dimension so that 

all the power passed through them. Measurements were done twice; with and 

without the plastic. The equipment used to obtain these results consisted of 

the transducer, an absorbing target, and an electronic balance (Mettler, Model 

AE 160, Mettler instrument Corp., Hightstown, NJ). A plastic sheet was placed 

between the transducer and the absorbing target, which were both in a tank 

filled with degassed water. The average acoustic power was computed at each 

different electrical input power level [see Stewart (1982) for a review of acoustic 

power measurements]. The natural logarithm of the transmitted power was then 
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plotted as a function of the thickness of the plastic with the attenuation coefficient 

calculated from the slope (m) of the straight line, Q = -m/2 (Fry and Dunn, 

1962). 

3.1.2 Ultrasound field measurements 

The relative pressure amplitude squared distributions in a water bath were 

obtained by scanning an ultrasound detector along a raster pattern under com

puter control. A thermocouple embedded in a small plastic bead was used to 

detect the field during continuous wave ultrasound bursts (duration 60 ms) (Mar

tin and Law, 1983). The thermocouple probe was moved by stepper motors, 

typically with 0.5 mm steps across the beam and 2 mm steps in the axial direc

tion. In order to reduce the electrical noise, five pulses were emitted and measured 

at each thermocouple location to obtain an average value at that position. Two 

experiments were performed: experiment one was performed in water only, and 

experiment two was performed with a phantom in front of the transducer to sim

ulate a layered medium. Three air-backed transducers in Table 3.1 were used 

in these experiments. The overall process was supported by a Hewlett Packard 

laboratory computer system (9000 computer, 3456A digital voltmeter, 3497 A ac

quisition unit). All the transducers were electrically matched to the amplifier's 

output impedance by a passive matching network. The voltage applied to the 

transducer was kept high enough to obtain a good signal while avoiding cavita

tion and nonlinear effects. The measurements were done with the same applied 

power for both water only and layered medium. 

Three phantoms were used in the experiments to construct the layered 

medium. The first phantom was simply a polyethylene block, and the thickness 

of the polyethylene being 4.88 cm and 1.27 cm. Three planar interface layer media 
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water-polyethylene-water can be constructed [Figure 3.1(a)]. The second phantom 

was a half polyethylene tube with an outer and inner surface radius of curvature 

of 5 cm and 3 cm respectively. Three layer media water-polyethylene-water can 

be constructed with the polyethylene tube [Figure 3.1(b )]. The third phantom 

was constructed from the polyethylene tube, castor oil and a polyethylene plate. 

Castor oil was filled between the tube and the plate. The thickness of the plate 

was 1.3 cm. The distance from the center of the polyethylene tube to the plate 

was 0.6 cm. Five layer media water-polyethylene-castor oil-polyethylene-water 

can be constructed in this case [Figure 3.1(c)]. The water temperature was also 

recorded which is required in the computer calculations. The speed of sound in 

water as a function of temperature is varied as shown in Table 3.2. The density 

of water is 998 kg/m3
. 

For the planar interface layered medium, the ultrasound field profile across 

the focus was measured first when the transducer face parallel to the polyethylene 

block. Then the block was tilted and the same measurement repeated. For the 

curved interface layered medium, the ultrasound field profile across the focus was 

measured first when the transducer axis was aimed through the center of the 

tube. Then the transducer was moved toward the edge of the tube and the same 

measurement repeated for a few different transducer locations. 



Table 3.1 Ultrasound transducers used in the verification of the models. 

Transducer Frequency Diameter Radius of Curvature 
(MHz) (em) (em) 

TX1 0.5 7.0 35.0 
TX2 0.558 10.0 10.0 
TX3 1.0 7.0 25.0 

Table 3.2 Speed of sound in pure water. 

Temperature (0 C) Speed of soundo (m/s) 

5.0 
15.0 

20.0 

25.0 

26.3 
35.0 

37.0 

43.0 

45.0 

° All data rounded to the nearest one-tenth. 
Source: Del Grosso and Mader (1972). 

1426.1 

1465.9 

1482.3 

1496.6 

1500.0 
1519.8 

1523.6 

1533.5 

1536.4 

i-number 

5.0 
1.0 
3.57 

44 
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Figure 3.1 Diagram of layered medium models used in the experiments: (a) 
planar interface water-polyethylene-water layers, (b) curved interface water
polyethylene-water layers, (c) curved interface water-polyethylene-castor oil
polyethylene-water layers. The Z-axis is defined in the axial direction, the X-axis 
is defined in the radial direction, and the Y-axis extends out of the paper. 
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3.1.3 Speed of sound measurements 

The speed of sound in polyethylene was measured in a water tank by 

sonicating through blocks of different thicknesses of polyethylene. The equipment 

used in the measurements were: a flat transducer (diameter 3 cm, frequency 1.122 

MHz, air-backed), RF pulse/function generator (Wavetek model 271, San Diego, 

CA), RF power amplifier (ENI model 240L, Rochester, NY), needle hydrophone 

(NP-IOOO, NTR systems, Inc., Seattle, WA) and a digital storage oscilloscope 

(Tektronix 336, Sony/Tektronix Corp., Tokyo, Japan). First, the time of flight of 

a sound burst from the transducer to the hydrophone was measured. Second, a 

polyethylene block of known thickness was inserted between the transducer and 

the hydrophone and the time of flight of the second pulse was measured. The 

speed of sound in the polyethylene was determined using 

L 
c - ----,,.----

P - L/cw + 6.t 

where L is the thickness of the polyethylene, Cw is the speed of sound in water, 6.t 

is the time of flight with the sample minus the time of flight in water. Note that 

the 6.t is a negative number since the speed of sound is higher in polyethylene 

than in water. 



47 

3.2 Comparison between the theoretical and the experimental results 

In order to evaluate the accuracy of the theoretical model, acoustic field 

measurements were made in a water bath where the ultrasound beam passed 

through a phantom. To better compare the experimental and simulation results, 

the acoustic properties of the polyethylene used in the experiments were measured 

and used in the simulations. The measured values appeared to be close to those 

found in the literature (Table 3.3), except for the attenuation coefficient which 

was found to be half of the reported value. The acoustic properties of castor oil 

found in the literature are also listed in the same table. 

3.2.1 Planar interface mQdel 

To test the ability of the model to predict the effect of layered medium, 

the acoustic pressure amplitude squared distribution across the focus of the trans

ducer was measured in water with a polyethylene plate between the transducer 

and the focus. Examples of the experimental and theoretical results are displayed 

in Figures 3.2, 3.3, and 3.4. In Figure 3.2, the normalized pressure amplitude 

squared distributions across the acoustical focus of transducer T Xl are presented 

with the polyethylene plate (thickness is 4.88 cm) at different angles with respect 

to the surface of the transducer. Both theory and experiments were normalized to 

their peak value in water without the plate. Similar graphs for transducer T X2 

are presented in Figure 3.3 with a 1.27 cm thick plate. For this transducer the 

measurements are taken with two angles only, due to the physical constraints of 

the measurement arrangement. In Figure 3.4, the ultrasound field distributions 

measured and calculated in the axial plane are given for the case presented in Fig

ure 3.3(b). The theoretical ultrasound field appeared to be slightly more narrow 
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and the focus about 1 mm deeper than measured in the experiments. This trend is 

typical, that is the experimental focus is closer to the transducer than the theory 

predicted. This agrees with earlier waterbath measurements and ultrasound field 

calculations (Moros and Hynynen, 1992). Overall these results indicate that the 

theoretical relative ultrasound field distributions across the focus agree well with 

the measured distributions in water. The effect of the polyethylene plate is also 

well predicted at various angles. Thus, it appears that this model can be used 

to predict the effect of different soft tissue layers on the relative ultrasound field 

distributions. 

Table 3.3 The measured acoustic properties of ultra-high molecular weight 
polyethylene used in the experiments. The acoustic properties of polyethylene 
and castor oil reported in the literature are given as a reference. 

Attenuation 
Density Speed of Sound Coefficient 
(kg/rn3

) (m/s) (Np/rn/MHz) 

Measured 930 ± 1 2210 ± 7 21 ± 1 
(mean+S.E.) 

Polyethylene 
Literature value* 920 2000 45 

Castor oil Literature value* 950 1500 10.9 

* Source: Wells (1977). 
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Figure 3.2 The theoretical and experimental normalized pressure amplitude 
squared response as a function of radial distance at the acoustic focus. The trans
ducer T Xl was used in the experiments and simulations. The points correspond 
to the experiments and the smooth lines to the theory. The data is normalized 
to the peak value in water (both theoretical and experimental to its own value) 
and thus, the curves with a peak value of 1 are for the water only case and the 
other curves are for the water-polyethylene-water model. The thickness of the 
polyethylene is 4.88 cm. The angle between the transducer face and the interface 
of the media is: (a) 0°, (b) 4°, (c) 15°, and (d) 20°. 



50 

'tj 
1.0 Q) If .. 

(a) ~ : ~ 
~ 0.8 iii 

& .. 
0.6 rn • 

Q) 0.4-
'tj .a 0.2 ...... 

~ 0.0 

1.0 .' < : ~ (b) 
Q) 0.8 iii 

~ • 
::J 0.6 
(J) ~ 
rn 0.4 Q) 
~ 

O-t 0.2 
Q) 

.~ 0.0 

td -1.0 -0.5 0.0 0.5 1.0 
--t 
Q) 

Radial Distance (em) P:: 

Figure 3.3. The theoretical and experimental normalized pressure amplitude 
squared response as a function of radial distance at the acoustic focus. The trans
ducer T X2 was used in the experiments and simulations. The points correspond 
to the experiments and the smooth lines to the theory. Curves with a peak value 
of 1 (data normalized to the peak value in water) are for the water only case and 
the other curves are for the water-polyethylene-water model. The thickness of the 
polyethylene is 1.27 cm. The angle between the transducer face and the interface 
of the media is: (a) 0°, and (b) 8.7°. 
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The conditions are the same as in Figure 3.3{b). 
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3.2.2 Curved interface model 

Patterns of the experimental and theoretical results where the ultrasound 

passed through the polyethylene tube in water are shown in Figures 3.5, 3.6, 

and 3.7. Both theoretical and experimental values were normalized to their peak 

value in water without the polyethylene. In Figure 3.5, transducer T Xl was used 

and the acoustic focus was located 9.6 em beyond the center of the polyethylene

tube. The water temperature was 21 ° C. When the transducer axis moved from 

the central axis of the polyethylene-tube toward its edge, the ultrasound field 

distribution distorted and shifted in the lateral direction. The maximum shift 

distance was 1.1 em. The experimental results showed slightly more shift than 

the theoretical. There was a difference of about 20% between the experiments 

and simulations in the magnitude of relative intensity when the transducer axis is 

at 1.0 and 1.5 em from the center of the tube [Figures 3.5(c) and 3.5(d)]. Notice 

that the acoustic focus was 2.4 em closer to the transducer in the experiment 

than in the simulation for this transducer (Moros and Hynynen, 1992). In Figure 

3.6, transducer T X2 was used, and the acoustic focus was located 1.9 em beyond 

the center of the polyethylene-tube. The water temperature was 21°e. When the 

transducer axis was moved from the center of the polyethylene-tube to its edge, 

the ultrasound field shifted 5 mm to the lateral direction. The experiments again 

have slightly more shift than the simulation when the transducer axis is at the 

edge of the tube. For this strongly focused transducer, when the transducer axis 

was 2 em away from the center [Figure 3.6(f)], the magnitude of the ultrasound 

field at the focus was about six times less than the case in which the transducer 

axis was aimed through the center (Figure 3.6(b n. The maximum difference in 

the magnitude between the experiments and the simulations was about 10%. In 
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Figure 3.7, transducer T X 3 was used and the acoustic focus was located 7 cm 

beyond the center of the polyethylene-tube. The water temperature was 23°C. 

The theoretical and experimental results agreed very well in the shift distance 

in the lateral direction. The ultrasound field distorted when the transducer axis 

was aimed through the edge of the tube. The theoretical calculations were found 

to slightly over predict the magnitude of the ultrasound field compared with the 

experimental values. Another example of ultrasound field in more complicated 

media was performed with transducer TX3. The polyethylene tube, castor oil and 

polyethylene plate were combined to make the phantom shown in Figure 3.1(c). 

The water temperature was 20°C. The experimental and simulation results when 

the ultrasound field passed through the phantom are displayed in Figure 3.8. 

The experimental and simulation results of the ultrasound field agreed with each 

other in shift distance as well as in magnitude. The maximum difference in the 

magnitude was less than 5%, and the shift distance error was less than 0.5 mm. 
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Figure 3.5 The theoretical and experimental normalized pressure amplitude 
squared response as a function of radial distance at the acoustic focus. The 
transducer T Xl was used in the experiments and simulations. The points cor
respond to the experiments and the smooth lines to the theory. Curves with a 
peak value of I are for the water only case (a) (data normalized to the peak value 
in water) and the other curves are for the water-polyethylene-water model. The 
distance between the center of the polyethylene-tube and the transducer axis is : 
(b) 0.0 cm, (c) 0.5 cm, (d) 1.0 cm, and (e) 1.5 cm. 
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Figure 3.6 The theoretical and experimental normalized pressure amplitude 
squared responses as a function of radial distance at the acoustic focus. The 
transducer T X2 was used in the experiments and simulations. The points cor
respond to the experiments and the smooth lines to the theory. Curves with a 
peak value of 1 are for the water only case (a) (data normalized to the peak value 
in water) and the other curves are for the water-polyethylene-water model. The 
distance between the center of the polyethylene-tube and the transducer axis is : 
(b) 0.0 cm, (c) 0.5 cm, (d) 1.0 cm, (e) 1.5 cm, and (f) 2.0 cm. 
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(c) 

(e) 

1.5 

Figure 3.7 The theoretical and experimental normalized pressure amplitude 
squared response as a function of radial distance at the acoustic focus. The 
transducer T X3 was used in the experiments and simulations. The points cor
respond to the experiments and the smooth lines to the theory. Curves with a 
peak value of 1 are for the water only case (a) (data normalized to the peak value 
in water) and the other curves are for the water-polyethylene-water model. The 
distance between the center of the polyethylene-tube and the transducer axis is : 
(b) 0.0 cm, (c) 0.5 cm, (d) 1.0 cm, and (e) 1.5 cm. 
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Figure 3.8 The theoretical and experimental normalized pressure amplitude 
squared response as a function of radial distance at the acoustic focus. The 
transducer T X3 was used in the experiments and simulations. The points corre
spond to the experiments and the smooth lines to the theory. Curves with a peak 
value of 1 are for the water only case (a) (data normalized to the peak value in 
water) and the other curves are for the water-polyethylene-castor oil-polyethylene
water model. The distance between the center of the polyethylene-tube and the 
transducer axis is : (b) 0.0 em, (c) 0.5 em, (d) 1.0 em, and (e) 1.5 em. 
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CHAPTER 4 

APPLICATIONS OF NUMERICAL MODELS 

The purpose of this chapter is to use the verified numerical models to 

study the effects of tissue interfaces on the ultrasound field. The improved nu

merical models were compared with the simplified model to evaluate when the 

tissue interfaces could be ignored in the ultrasound hyperthermia and surgery 

treatment planning. The effect of variations in water and tissue temperatures. 

the fat layer thicknesses, and the beam entrance angle were also investigated to 

establish guidelines for treatment execution. The curved interface model was ap

plied to four anatomical geometries to simulate treatment situations in ultrasound 

therapy. 

4.1 Comparison with the simplified model 

Since the simplified model developed by Swindell et al. (1982) has been 

extensively tested in water and in tissue (Moros and Hynynen, 1992), it was 

compared with the new models. The transducers used in the calculations are 

given in Tables 3.1 and 4.1. The simplified model is theoretically accurate in 

nonattenuating medium such as water and thus, all of the models should give 

identical ultrasound field distributions in water. The simulation results verified 

this, giving similar (within the numerical accuracy of the calculations) absolute 

pressure amplitude values for all of the models (Table 4.2). 
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However, the simplified model does not take the tissue interfaces into ac

count and assumes uniform ultrasound velocity throughout the medium. In addi

tion, the attenuation factor has some theoretical inaccuracy as shown in Section 

2.1. To estimate how these factors influence the ultrasound fields, the simplified 

model was compared with a water-tissue two layered medium with the interface 

parallel to the transducer (Figure 4.1). Three cases were simulated with the pla

nar interface model. Case I, the speed of sound and the acoustic impedance were 

kept constant to give an idea of the error associated with the attenuation approxi

mation. Generally, it was found that the simplified model over predicted the peak 

pressure amplitude squared value. The maximum error in the over prediction was 

about 7% with the fnumber 1 transducer and decreased with reduced focussing. 

This error decreased to about 1% with an f-number 3.6 transducer. The per

centage difference increased linearly with frequency up to 25% for an f-number 1 

transducer at a frequency of 3 MHz. Case II, the speed of sound in tissue was 

reduced to 1400 m/s. This change moved the focus about 5 mm deeper (at a 

depth of 50 mm in tissue) and reduced the peak value by an additional 10%. This 

reduction was not f-number dependent. Case III, the speed of sound in tissue 

was increased to 1600 m/s. This caused a similar change in the ultrasound field 

distribution except that now the peak pressure value was increased (from the 1500 

mls value) and its location was moved closer to the transducer. 

Finally, the curved interface model was compared with the planar interface 

model for the case of flat tissue interfaces (water-fat-muscle three layers) and, 

again, the models agreed very well (Figure 4.2). 
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Table 4.1 Ultrasound transducers used in the simulations. 

Transducer Frequency Diameter Radius of Curvature f-number * 

(MHz) (cm) (cm) 

TX4 1.0 10.0 10.0 1.0 
TX5 3.0 7.0 25.0 3.57 
TX6 0.5 10.0 10.0 1.0 
TX7 2.0 10.0 10.0 1.0 
TX8 2.0 7.0 25.0 3.57 
TX9 1.75 10.0 20.0 2.0 

* f-number = radius of curvature of transducer/diameter of transducer. 
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Table 4.2 Comparison of three models in water. The relative pressure amplitude 
squared distribution at the acoustic focus was computed for each transducer with 
th(' operating fr('quf'ncy. The data are normalized to the simplified model's results. 

Transducer Simplified Planar Curved 
Model Model Model 

TXl 1.000000 0.997895 1.025474 

CPU-time (s) 4.7xlO-4 0.536681 101.7891 

TX2 1.000000 1.000005 1.001149 

CPU-time (s) 3.7 x 10-4 1.067264 208.6746 

TX3 1.000000 0.999215 1.004764 

CPU-time (s) 4.3 x 10-4 1.058572 208.5341 

TX4 1.000000 1.001373 0.999078 

CPU-time (s) 3.8 x 10-4 1.067795 210.1394 

TX5 1.000000 1.001286 0.999945 

CPU-time (s) 3.5 x 10-4 1.039538 427.2026 

Note: The accuracy of CPU time was one microsecond. 
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Figure 4.1 Comparison of simplified model (dotted line) with planar interface 
model in water-tissue layered medium. Relative pressure amplitude squared re
sponse as a function of the axial distance calculated with three different cases: (I) 
2-dimensional integration (solid line), (II) 2-dimensional integration with sound 
speed in water 1500 mls and tissue 1400 mls (chained line), (III) same as case 2 
but with the sound speed in tissue being 1600 mls (dashed line). The attenuation 
was 0.1 Np/cm/MHz. The transducer used in the calculations and the interface 
from the transducer were: (a) transducer TX4 and interface at 5.0 cm, and (b) 
transducer TX3 and interface at 12 em. 
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Figure 4.2 Comparison between the curved interface model and the planar in
terface model for water-fat-muscle layers with the parallel flat plane interfaces. 
Normalized power deposition response as a function of axial (a) and radial (b) 
distances. The transducer T X3 was used in the calculations. The axial distance 
from the transducer to the tissue interface was 13 cm. The angle between the 
face of the transducer and the interfaces was 30°. The fat thickness was 1 cm. 
The properties of the tissue are given in Table 4.4. The radial distribution was 
calculated at the maximum of power deposition along the central axial direction. 
( ...... planar interface model, -- curved interface model). The curves are 
virtually overlapping. 
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4.2 Models of layered medium used in the simulations 

4.2.1 Planar interfaces 

In order to investigate the effect of soft tissue interfaces on the ultrasound 

wave propagation, one model was used in this dissertation. 

Water-skin-fat-muscle model: This four layered medium has fiat plane in

terfaces with various fat layer thicknesses, water temperatures and tissue temper

atures [Figure 4.3( a)). The properties of the tissue are given in Tables 4.3 through 

Table 4.5. Transducers TX3 and TX4 were used in the numerical simulations 

with different incidence angles. 

4.2.2 Curved interfaces 

In order to gain an understanding of the effect of curved tissue layers on the 

power deposition pattern during ultrasound therapy, five anatomical geometries 

were studied: (I) a brain model, (II) a neck model, (III) a body model, (IV) a 

buttocks model, and (V) a bone model. The properties of the tissue are given in 

Table 4.4. 

Brain model: The brain model was a sphere containing two layers: skin 

and brain. This corresponds with scanned focused ultrasound hyperthermia treat

ments of brain tumors where an acoustical window has been created by removing 

a piece of the skull bone prior to the treatment (Guthkelch et al., 1991). The 

radius of curvature of the sphere was 9 em and the skin thickness was 1. 7 mm. 

Neck model: It has been shown that combined hyperthermia and radiation 

for the treatment of neck tumors improves the local control rate when compared 

with radiation alone (Valdagni et aZ., 1988). Although the clinical feasibility of 

scanned focused ultrasound treatments of neck tumors has been shown, it appears 
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that the heating systems (Harari et al., 1991) could be further optimized (Tu et 

al., 1994). The neck model was a cylinder containing two layers: fat and muscle. 

The radius of curvature of the cylinder was 7 cm and the fat layer thickness was 

1 cm. 

Body model: Scanned focused ultrasound beams have shown promise in the 

treatment of many deep abdominal and pelvic tumors (Harari et al., 1991). The 

body model was the same as the neck model except that the radius of curvature 

was 15 cm and the fat layer thickness was 2 cm. 

Buttocks model: Some low lying pelvic tumors have been treated by direct

ing the focused ultrasound beams up into patients while they sit on the hyper

thermia unit (Harari et ai., 1991; Hand et ai., 1992). The buttocks model had 

two layers: fat and muscle, with spherical interfaces. The radius of curvature was 

10 cm. The fat layer thickness was 3 cm. 

Focused transducers were used during all of these treatment simulations. 

The transducer axis was first aimed through the center of the geometry, then the 

transducer was moved toward the edge of the geometry while keeping the focal 

distances the same [Figure 4.3{b )). 

Bone model: The bone model was one layer (muscle) with the bone po

sitioned on the transducer axis and behind the focus. The bone was a cylinder 

with a radius of curvature of 1 cm [Figure 4.3{c)). 
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Figure 4.3 Diagram of planar and curved interface models used in the simula
tions. The Z-axis is defined in the axial direction, the X-axis is defined in the radial 
direction, and the Y-axis is pointed out of the paper. (a) water-skin-fat-muscle 
four layers, (b) anatomical geometries, except bone model, (c) bone model. 
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Table 4.3 Acoustic properties of mammalian tissues at a temperature of 37° C 
and a frequency of 1 MHz. 

Tissues Velocity Attenuation 
(m/s) (Np/m) 

Bone 1500 - 3700 150 - 350 
Brain 1516 - 1575 4 - 29 
Fat 1400 - 1490 5-9 
Liver 1540 - 1640 3.2 - 18 
Muscle 1508 - 1630 4.4 - 15b 

Skin 1498a 14 - 66 c 

Temperature: a23°C, b40°C, C not reported. 
Brain: dgrey matter, ewhite matter. 

Density Absorption 
(kg/m 3

) (Np/m) 

1380 - 1810 
1030 1.2d - 6.4e 

921 
1060 2.3 - 3.2 

1070 - 1270 2 -11 
1200 

Source: Goss et al., 1978, 1979, 1980; Chivers and Parry, 1978; Lyons and Parker, 
1988; \VeIls, 1977. 



Table 4.4 The specific values of tissue properties used in the simulations. 

Tissues Thickness Velocity Attenuation Density 
(em) (m/s) (Np/m/MHz) (kg/m3

) 

Bone varzous 2600 150 1595 
Brain varzous 1545 4 1030 
Fat 0.0 - 3.0 1445 7 921 
Muscle varzous 1569 9 1138 
Skin 0.17 1498 14 1200 

Table 4.5 Tissue properties for variation of temperature at 1 MHz. 

Tissues Temperature 
(OC) 

37 
Bovine liver 

43 

37 
Bovine fat 

43 

Source: Bamber and Hill (1979). 
*The values are approximated. 

Velocity 
(m/s) 

1597 

1595* 

1430 

1400* 

Attenuation* 
(Np/m) 

17 

17 

12 

12 

68 
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4.3 Effects of multiple tissue layers and coupling water temperature 

In order to simulate patient treatments, a water-skin-fat-muscle four lay

ered model was used. With this model several parameters were varied to obtain 

guidelines for clinical ultrasound hyperthermia treatments. First, the effect of the 

thickness of the fat layer on the axial ultrasound field distribution was studied 

when the beam was normal to the surface of the tissue layer [Figure 4.4(a)]. From 

the results it appears that an increase in the fat layer will shift the peak value 

of the ultrasound field further away from the transducer. For the I-number 1 

transducer, the increase in focal depth was about 2.5 mm when the fat-layer was 

increased from 0 to 3 cm. The peak value increased slightly. 

Second, the effect of the coupling waterbath temperature on the axial ul

trasound field distribution was studied with three different frequency ultrasound 

fields [Figures 4.4(b) through 4.4{ d)]. The increase in the water temperature 

moved the focus deeper and also reduced the absolute peak value of the field. 

The maximum difference in the focal location was 5 mm (focused at a distance 

of 50 mm from the tissue surface) and the reduction in the peak value was about 

20% when the temperature was increased from 5°C to 45°C. The effect of the 

water temperature appeared to increase with increased frequency. 

Third, the effect of variation in tissue temperature on the axial and radial 

ultrasound field distribution was studied with two different temperatures (Figure 

4.5). The water temperature was fixed at 26.3°C. When the tissue temperature 

changed from 37°C to 43°C, the peak value was reduced by about 5%, and the 

focus was moved about 1 mm deeper. 

Finally, the effect of the tilt angle between the tissue surface and the propa

gation direction of the wave was investigated as a function of the fat layer thickness 
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and the coupling water temperature. Figure 4.6 shows the ultrasound field distri

butions along the axial plane for three different tilt angles for one transducer. The 

fat layer thickness was 10 mm and the coupling water temperature was 26.3°C. In 

these graphs a radial distance of 0 indicates the location of the geometric central 

axis of the beam in uniform medium. These results clearly indicate that the lay

ered medium has a significant effect on the ultrasound field distribution mainly 

shifting it off axis and distorting the radial symmetry of the beam especially at 

the larger angles. Figure 4.7 shows the effect of the tilt angle on the peak value 

of the field with two different fat layer thicknesses and coupling water temper

atures. The peak value appears to increase slightly as a function of angle until 

it peaks at around 60° and then drops rapidly. The thickness of the fat layer 

and the coupling water temperature has only a slight effect on the curves. Similar 

graphs for the distance of the peak ultrasound field value from the central axis arc 

given in Figure 4.8. The off-axial displacement is a strong function of the angle 

and can reach as much as 6 mm at angles about 60°. However, the magnitude 

of the displacement depends on the fat layer thickness and the coupling water 

temperature. 
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Figure 4.4 Relative pressure amplitude squared as a function of axial distance 
in the water-skin-fat-muscle layered model. The distance from the transducer 
to the skin was 5 cm. (a) fat thickness changed from 0 to 3 cm. (b), (c), and 
(d) fat thickness was 1 cm. Water temperature changed from 5°C to 45°C. The 
transducer used in the calculations was: (a) TX4, (b) TX6, (c) TX4, and (d) 
T X7. The angle of incidence was 0° in all cases. The properties of the tissue are 
given in Table 4.4. 
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Figure 4.5 Relative pressure amplitude squared as a function of axial (a) and 
radial (b) distance in water-skin-fat-liver layered model (- 37°C, ...... 43°C). 
The transducer T X 4 was used in the simulations. The distance from the trans
ducer to the skin was 5 cm. 
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Figure 4.6 Contour plot of relative pressure amplitude squared for the water
skin-fat-muscle layered model. The transducer T X3 was used in the simulations. 
The axial distance from the transducer to the skin was 12 cm. The tilted angle 
of the transducer was: (a) 30°, (b) 45°, and (c) 60°. 
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Figure 4.7 The maximum of the relative pressure amplitude squared response 
as a function of the angle of the transducer tilted in the water-skin-fat-muscle 
layered model. The transducer TX3 was used in the simulations. (a) variant of 
fat thickness (water temperature 26.3°C); (b) variant of water temperature (fat 
thickness 1 cm). 
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Figure 4.8 The distance of the maximum pressure amplitude squared from the 
central axis as a function of the angle of the transducer tilted. All of the conditions 
are the same as in Figure 4.7 
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4.4 Theoretical study of the effects of curved tissue layers 

In order to study the effect of curved tissue interfaces on power deposition, 

the curved interface program was applied to simulate four different treatment 

situations. The distribution was selected at the peak value of power deposition 

along the axial direction when the transducer was aimed through the center of the 

anatomical geometry. For the brain model, four transducer axis locations were 

studied. In Figure 4.9( a), transducer T X 4 was used and the central axial distance' 

from the transducer to the skin was 5 cm when the transducer axis was aimed 

through the center of the sphere. The focus of the beam shifted less than 2 mm and 

the peak power deposition increased up to 15% when the transducer central axis 

was moved laterally away from the center of the sphere. In Figures 4.9(b) through 

4.9(d), transducers TX3, TX8, and TX5 were used in the simulations. The axial 

distance from the transducer to the skin was 13 cm. The focus of the beam shifted 

up to 3 mm when the transducer central axis was moved away from the center 

of the sphere. The amount of shift was independent of frequency, although the 

beam width narrowed as the frequency increased. Since attenuation distances 

were reduced quadratically as the distance of the central axis to the center of 

the sphere was increased, the peak power deposition value was increased. This 

dominated the effect of the sound wave reflection and refraction on the tissue 

interfaces which would reduce the peak power deposition. By comparing Figures 

4.9(a) and 4.9(b), it can be shown that a decrease in f-number reduced the effect 

of wave reflection and lateral shift of the focus. In Figure 4.10, the ultrasound 

field in the axial plane is given for transducer TX9, which was used in clinical 

ultrasound hyperthermia treatments of brain tumors. The whole acoustic focus 

shifted when the transducer axis moved to the edge of the brain. 
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Transducer T X 4 was used for the neck model, where the axial distance 

from the transducer to the tissue was 5 cm at the center of the cylinder. The 

focus of the beam shifted less than 2 mm, and the peak power deposition value 

increased only slightly [Figure 4.11(a)] due to lateral movement of the transducer. 

In Figure 4.11 (b) transducer T X3 was used, where the axial distance from the 

transducer to the tissue was 13 cm. The beam focus was shifted up to 2.5 mm 

and the maximum value increased up to 25% when the transducer axis was moved 

laterally. The beam was also slightly distorted at the lateral distance of 5 cm. 

The beam focus shifted more for the larger I-number transducer. 

The same trends were observed for the body and the buttocks models. 

The largest beam focus shift was slightly less than 2 mm, and the peak power 

deposition value increase was about 35% when the transducer axis was moved 

away from the center of the geometries [Figures 4.12(a) and 4.12(b)]. 

Finally, the effect of ultrasound wave reflection from a bone on the pressure 

amplitude squared distributions was studied (Figure 4.13). The standing wave 

pattern is shown in the calculated field. The magnitude of the standing wave was 

large near the tissue-bone interface when the bone was close to the focus, and 

reduced when the bone was located far away from the focus. 
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0.5 1.0 

Figure 4.9 Normalized power deposition as a function of radial distance using 
the brain model. When the transducer was aimed through the brain center, the 
axial distance from the transducer to the tissue interface was (a) 5 cm, and (b), 
(c), (d) 13 cm. The transducer used in the simulations was: (a) TX4, (b) TX3, 
(c) T X8, (d) T X5. The legend indicates the distance from the transducer axis to 
the center of the brain. The position of the center of the axis of the transducer 
from the center of the model is shown in the Figure 4.3(b). 
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Figure 4.10 Contour plot of the normalized power depositions for the brain 
model. The axial distance from the transducer to the skin was 13 cm and the 
skin to the calculation field points was 6.6 cm when transducer TX9 was aimed 
through the center of the brain. The distance from the transducer axis to the 
center of the brain is: (a) 0.0 cm, (b) 3.0 cm, (c) 6.0 cm, and (d) 7.0 cm. 
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Figure 4.11 Normalized power deposition as a function of radial distance using 
the neck model. When the transducer was aimed through the neck center, the 
axial distance from the transducer to the interface was (a) 5 cm, transducer TX4, 
(b) 13 cm, transducer T X3; and the interface to the calculation field points was 
(a) 4.8 cm, (b) 7.3 cm. The legend indicates the distance from the transducer 
axis to the center of the neck. 
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Figure 4.12 Normalized power deposition as a function of radial distance for 
(a) the body and (b) the buttocks models. The transducer TX3 was used in the 
simulation. The axial distance from the transducer to the tissue interface was 13 
cm and the interface to the calculation field point was (a) 7.3 cm, (b) 7.1 cm when 
the transducer was aimed through the geometrical center. The legend indicates 
the distance from the transducer axis to the center of the body or buttocks. 
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Figure 4.13 The pressure amplitude squared distribution as a function of axial 
distance. The transducer TX3 was used in the simulation. The tissue interface is 
at z = 12 cm. The bone was a cylinder with radius 1 cm along the central axis. 
The central axis distance from the transducer to the tissue-bone interface was: 
(a) 23.5 cm and (b) 29.5 cm (-- without bone, ...... with bone). 
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CHAPTER 5 

DISCUSSION AND CONCLUSION FOR THE MODELS 

5.1 Planar interface model 

A theoretical computer model that takes reflection and refraction of an 

ultrasound beam at tissue interfaces into account was developed, tested, and used 

in this study. The aim was to obtain a quantitative measure of the effect that soft 

tissue interfaces have during hyperthermia treatments. Generally, the effect of the 

interfaces was small and it could be ignored during scanned focused ultrasound 

hyperthermia treatments where focused ultrasound beams are scanned to treat 

the target volume (Lele, 1983; Lele et al., 1989; Hynynen et al., 1987, 1990). If the 

entrance angle of the beam is smaller than 60°, then the beam pattern can be well 

approximated by the uniform model. The small deviations caused by a fat layer, 

or water temperature variations will not have a major impact on the temperature 

distribution. The other uncertainties, such as the location of the tumor boundary 

(an uncertainty of typically 5-10 mm) and temperature distribution variations 

caused by blood perfusion [the temperature can be as much as a factor of 5 

higher in necrotic tissue than in highly perfused tissue when exposed to the same 

ultrasound field (Hynynen et al., 1990)] are significantly larger than the effect of 

the soft tissue interfaces observed here. 

The interfaces and tissue layers can be ignored for most hyperthermia cases, 

and thus, the simplified model is adequate for treatment field prediction. This 
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is especially true since random thickness variation would cause less beam shift 

(Wang et ai .. 1991) and thus. our calculations are for the worst case situation. 

The advantage of the simplified model is that the calculation is hundreds of times 

faster than the double integration method used in this study. This simplified 

model has also been compared with a real focused ultrasound source and has 

been found to give a reasonable approximation of the pressure field (Madsen et 

al., 1981; Moros and Hynynen, 1992). The assumption in attenuation distance 

is good with no large effects on the pressure field except for the small f-number 

transducer and high frequencies. 

The new model results give some important information in order to develop 

an accurate treatment plan in ultrasound hyperthermia. For instance, the theory 

can predict how large of an angle the transducer can be tilted, how far the beam 

profile will be shifted off the central axis, and how much the beam distortion 

will be; all of which are extremely important for treating small tumors. The 

ultrasound imaging beams formed by much smaller aperture, are likely to be 

refracted through the same angle as the therapy beams are reflected. Therefore, 

ultrasound imaging could be used to locate the target volume and to aim the 

therapy beams (Hynynen et al., 1987). 

The layered tissues will have an impact on the location of the focus when 

sharply focused ultrasound beams are used to deliver the treatment during a high 

power short duration pulse (Billard et al., 1989, 1990; Davis and Lele, 1989). 

Both the location and the acoustic pressure amplitude will be affected enough to 

bring unacceptable uncertainty in the thermal exposure, unless the tissue layers 

are accounted for in the model. 
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When the theoretical model was compared with the experimental results 

there was good agreement between the simulated and the measured pressure am

plitude squared distributions. When the speed of sound differences are very large 

between media, the theory does not give the correct results because the contri

butions of a multi wave reflection and refraction are ignored. The contribution 

from multi reflected wave was estimated to be less than 2% at soft tissue inter

faces. When a longitudinal wave traveled through a liquid-solid interface, both a 

longitudinal and shear wave are generated inside the solid. The shear wave would 

cause more energy to be reflected at the boundary and more shift of the beam 

profile for the transducer tilted case. The new model does not consider the shear 

wave in the calculations because during an ultrasound hyperthermia treatment 

the propagating waves are mainly longitudinal with the shear waves being gener

ated only under special circumstance (Frizzell and Carstensen, 1976; Madsen et 

al., 1983; Chan et al., 1974). 

The differences between the experiments and the simulations can also be 

attributed to: (1) a real transducer does not emit power uniformly over its surface; 

and (2) the surface of the plastic may have not been smooth, causing more energy 

to be lost at the interface. 

The effect of the fat layer on the beam shape can be explained by the 

speed of sound in the medium. When the wave is propagating from water (high 

velocity) into the skin-fat layer (low velocity), the refracted wave deviated toward 

the normal direction. When the fat layer thickness was increased, the distance the 

refracted wave traveled grew and caused the focus to become longer. When the 

water temperature was increased, the speed of sound in water became larger than 

the tissue. This effect caused the refracted wave, which originally deviated away 
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from the normal, to deviate toward the normal. This phenomenon lengthened 

the focus. In a layered medium, when the flat plane interfaces had an angle with 

the transducer, the wave would deviate more in one part of the transducer than 

others, this would cause the focus to become narrower with a larger tilt angle. 

There is a critical angle beyond which total reflection will occur when the 

sound wave travels from the low velocity medium to the high velocity medium, 

C] < C2. The critical angle is given by sin-l (cI/c2) (Chivers and Santosa, 1986). 

From the simulation results, it is clear that when the transducer is tilted around 

600
, complete reflection is reached. For typical values of the speed of sound in 

fat (1445 m/s) and in muscle (1569 m/s) used during the simulation, the critical 

angle was 67.10. This angle agrees well with the simulated results. In most clinical 

si tuations the incident angles are small. 

5.2 Curved interface model 

The purpose of this study was to obtain a quantitative measure of the 

effect of curved tissue interfaces on the ultrasonic wave propagation. A numer

ical model that takes ultrasound wave reflection and refraction at curved tissue 

interfaces into account was developed, tested and applied to some anatomical 

geometries encountered during ultrasound therapy. Good agreement was found 

between the simulation and experimental results for high frequencies and sharply 

focused transducers. The differences between the experimental and simulation 

results can at least be partly attributed to the fact that the measured acoustic 

focuses of the transducers (in water) are not exactly the same as the those pre

dicted. For a weakly focused transducer at low frequency, for instance transducer 

T Xl, the theoretical location of the acoustical focus is more than 20 mm deeper 
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than the measured location. Small uncertainties associated with the field mea

surements may also cause the ultrasound field difference between the experimental 

and simulation results. In addition, the theoretical model becomes less accurate 

as the frequency decreases and the wavelength increases. 

The simulation results showed that the effects of sound wave reflections and 

refractions are small for curved tissue interfaces. The effect of the tissue interfaces 

on the ultrasound wave propagation increases as the I-number is increased. The 

frequency appeared to have little effect. When the central axis was moved toward 

the edge of the representative anatomical geometry, the attenuation distance was 

reduced quadratically and the maximum amplitude of ultrasound field increased. 

The effect of attenuation distance dominated the effect of sound wave reflection 

and refraction because the impedance of the soft tissues were quite close to each 

other and the beam incidence angle was much less than the critical angle for total 

reflection. There was a beam shift when the central axis of the transducer was 

away from the center of an anatomical geometry, but the shift distance was smaller 

for curved interfaces than for the flat plane tissue interface model. The beam shift 

was larger for brain and neck models than the body and buttocks models because 

the radius of curvature of the interfaces were smaller for brain and neck models 

than the other two models. The three millimeter beam shift shown in the simula

tions is important for brain tumor treatments where millimeter resolution may be 

required. To improve the treatment accuracy, the effects of tissue interfaces must 

be considered in some critical locations. This is an important observation since 

these interfaces have been ignored in earlier clinical treatments of patients (Heim

burger, 1985; Guthkelch et al., 1991; Harari et al., 1991) and also in experiments 

and theoretical studies (Lele, 1983; Hynynen et al., 1987; Billard et ai., 1990; 



88 

Swindell et ai., 1982; Moros and Hynynen, 1992). Since the acoustic impedances 

of bone is very much different from the soft tissues. the bone reflects the energy 

and distorts the beam geometry. This phenomena agreed with the experimental 

results given by Lele (1967). It is important to prevent a bone inside the cone of 

sound in the ultrasound surgery. 

In order to get accurate numerical results, the element area of the interface 

used in the calculation was taken as ten or twenty times less than the wavelength 

squared. The interface should be divided into smaller area elements so that each 

individual element can be treated as a point source. The calculation time for this 

curved interface model proved to be two orders of magnitude greater (100 x) than 

the calculation time needed by the parallel plane interface model (Table 4.2). 

As a conclusion, the new model can calculate the ultrasound power depo

sition more accurately than the previous models for tissue interfaces that are not 

planar. The numerical model is good for high frequencies and strongly focused 

transducers which are commonly used in hyperthermia and ultrasound surgery. 

The limitation of the model is that the thickness of the layers must be larger than 

several wavelengths and the area of the interfaces must be larger than the beam 

width. The curved tissue interfaces studied here significantly affect the location 

of the focus and the power intensity when focused ultrasound beams are used in 

ultrasound hyperthermia and surgery. Although the new model was only applied 

to the curved tissue interfaces, it can be used for other shaped tissue interface 

studies as shown in the experiments and thus, it could in principle be used to 

plan treatments for each individual patient. However, prior to its clinical use, 

extensive in vivo tests should be performed to verify the reliability and accuracy 

of the proposed model. 
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CHAPTER 6 

SPHERICALLY CURVED 16-ELEMENT PHASED ARRAY 

In this chapter, theoretical and experimental studies of spherically curved 

square-element phased arrays for use in ultrasonic surgery were performed. The 

simulation results were compared with experimental results from a 16-element 

array. The ultrasound field and the size of necrosed tissue volume generated by 

the 16-element phased array were investigated by varying the phase and amplitude 

settings. The inverse technique was used to calculate the phase and amplitude 

settings for the given control points. The purpose of this chapter is to demonstrate 

that a 16-element phased array can be used to control the focal spot size for 

ultrasound surgery. 

6.1 16-element phased array 

6.1.1 Array design 

The phased array was made from a spherically curved transducer which 

was divided into small square elements. The whole array was airbacked. It was 

constructed from a spherically curved PZT4 bowl, having a diameter of 100 mm, 

a radius of curvature of 130 mm, and a frequency of 1.4 MHz. From the bowl 

16 elements were cut, each with a length of 20 mm per side. A 0.3 mm space 

between the elements was filled with silicone rubber for electrical and mechanical 

isolation. Each of the elements was connected to an LC matching circuit to match 
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the impedance to 50 nand 0°. The array was driven with a custom made 16 

channel amplifier (Labthermics, Champaign, Illinois). The phase and amplitude 

were controlled by RF signals feeding the amplifiers. The driving signals were 

generated by an in-house manufactured digital circuit (Buchanan and Hynynen, 

1994). The amplitude and phase of each input signal were digitally controlled 

with 3-bit resolution in amplitude and 4-bit resolution in phase. The number of 

elements in each row and each column were the same so that the whole applicator 

was a square shaped focused transducer. The configuration of the phased array 

for the experiments is shown in Figure 6.1. 

6.1.2 Ultrasound field measurements 

The relative pressure amplitude squared distributions were measured in 

degassed water using a needle hydrophone (active spot size 1 mm) scanned across 

the focal region. The needle hydrophone was moved by stepper motors, typically 

with 0.1 mm steps across the beam. The total acoustic power was measured using 

a radiation force technique. 
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z 

Figure 6.1 Configuration of the s'luare-element spherically curved phased array 

with its coordinate system. 
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6.2 Theory of ultrasound phased array 

6.2.1 Pressure field calculations 

Consider an ultrasound phased array with N elements, employed to pro

duce an ultrasonic field in a nonattenuating medium. Assume the coordinate 

system is defined as in Figure 6.1. According to the theory of ultrasonic radiators 

developed by O'Neil (1949) and the principle of superposition of acoustic pres

sure, the pressure field due to this transducer can be evaluated by the Rayleigh

Sommerfeld integral. The integral is 

jpck N 1 e-jkrmn 
Pm = -2~ L Un ---dSn , 

Il S T'mn n=l n 

(6.1 ) 

where j = Fi, p is the density of the medium, c is the speed of sound, k is 

the real wave number, Un = Anej(wt+9n} is the complex excitation source of the 

nth element with amplitude An and phase ()n, T'mn is the distance from a point 

(Xn, Yn, zn) on the nth element to the field point of interest (xm' Ym, zm), Sn is 

the area of the nth element. 

In ultrasonic surgery, water is used as a coupling medium between the 

transducer and the tissue interface. Water is considered a nonattenuating 

medium, and tissue a weakly attenuating medium. The effects of attenuation 

can be satisfactorily described by replacing e-jkrmn with e-jkcrmn in the expres-

sion (6.1), where kc = k - jex is the complex wave number with attenuation 

coefficient ex (Fan and Hynynen, 1992, 1994). 

The power deposition for the desired volume is given by 

Q( ) 
!Pm{x, y, z)!2 

X,y,Z =Pabs Z ' (6.2) 
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where !-labs IS the absorption coefficient and Z pc IS the impedance of the 

medium. 

6.2.2 Inverse technique 

The inverse technique can be used to calculate the amplitude and phase 

settings from selected control points where the desired pressure values are given. 

Defining, 

(6.3) 

then for M field points, the expression (6.1) can be written in matrix notation as 

p=Hu, (6.4) 

where 

The elements of matrix H are evaluated by numerical integration using expression 

(6.3). Equation (6.4) has two important features. First, if the H matrix is calcu

lated and saved for a desired field, then the pressure field can be evaluated using 

equation (6.4) instead of (6.1) for a given excitation source matrix u. Computa-

tion time can be saved by using this method when varying the excitation source 

over the same calculation volume. Second, for a desired pressure field pattern, 

i.e., for a given matrix p, the excitation source u can be calculated by 

where Ht is the pseudoinverse matrix of H. Usually the total number of control 

points are much less than the total number of excitation sources in this case. The 
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Ht matrix can be found by utilizing singular value decomposition (Golub and 

Kahan. 1965). 

The control points were selected in a plane at a desired focal position. All 

the points were evenly distributed on a circle. Since the pressure at a control 

point is a complex number, both the magnitude and the phase are required to 

perform the inverse calculations. In selecting control points in this manner, it is 

natural to make the magnitudes the same for all the points, and the phases either 

in phase or out of phase so that the phase rotates around the central axis. The 

latter setup gives destructive interference on the central axis thus, eliminating 

potential hot spots on the axis (Cain and Umemura, 1986). The selected control 

points used in the inverse calculations are given in Table 6.1. 
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Table 6.1 Selected control points used for inverse calculations for 16 square
element spherically curved phased array. The control points are located at the 
z = 129 mm planE'. Note the units for x and yare in millimeters. 

x y phase 

1.25 0.0 0.0° 
case 0.0 1.25 0.0° 

I -1.25 0.0 0.0° 
0.0 -1.25 0.0° 

1.25 0.0 0.0° 
case 0.0 1.25 90.0° 
II -1.25 0.0 180.0° 

0.0 -1.25 270.0° 

3.25 0.0 0.0° 
case 0.0 3.25 90.0° 
III -3.25 0.0 180.0° 

0.0 -3.25 270.0° 

5.25 0.0 0.0° 
case 0.0 5.25 90.0° 
IV -5.25 0.0 180.0° 

0.0 -5.25 270.0° 

3.25 0.0 0.0° 
1.62 2.81 60.0° 

case -1.62 2.81 120.0° 
V -3.25 0.0 180.0° 

-1.62 -2.81 240.0° 
1.62 -2.81 300.0° 

3.25 0.0 0.0° 
2.3 2.3 45.0° 
0.0 3.25 90.0° 

case -2.3 2.3 135.0° 
VI -3.25 0.0 180.0° 

-2.3 -2.3 225.0° 
0.0 -3.25 270.0° 
2.3 -2.3 315.0° 
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6.3 Thermal modeling 

6.3.1 Temperature elevation calculations 

An approximate temperature response to the power deposition was pre-

dicted by the transient bioheat transfer equation (Pennes, 1948). The differential 

equation is 

(6.5) 

where T is the temperature at time t at the location (x, y, z), Pt is the density 

of the tissue, Ct is the specific heat of the tissue, k t is the thermal conductivity 

of the tissue, w is the blood perfusion rate, Cb is the specific heat of the blood, 

Ta is the arterial blood temperature, and Q(x, y, z) is the acoustic power deposi-

tion rate per unit mass. The thermal response was simulated in a homogeneous 

medium. A surface temperature of 37°C on the cube and an initial temperature 

of 37°C inside the cube were used as boundary and initial conditions for all of the 

computations. A numerical finite difference method was employed to solve equa-

tion (6.5). Previous studies have shown that there are several parameters which 

affect the temperature elevation (Damianou and Hynynen, 1994). Temperature 

elevation has been shown to be almost independent of the blood perfusion rate for 

short ultrasound pulses (Billard et al., 1990). For this reason, ultrasound pulse 

durations of one, five and ten seconds were used in this study. The maximum 

temperature reached in all simulations was kept the same (80°C) by adjusting 

the input power. 
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6.3.2 Thermal dose calculations 

The thermal dose calculation was based on the technique suggested by 

Sapareto and Dewey (1984). Using this technique, the accumulated thermal dose 

was calculated at a reference temperature by numerical integration under different 

temperature profiles. The thermal dose, i.e. equivalent time, at the reference 

temperature can be evaluated by 

(6.6) 

where Tref is the reference temperature, t final = theating + tcooling is the final 

time, flt is a small time interval, TAt is the average temperature during time flt, 

and R is a parameter given by 

R = {0.5 
0.25 

if T{t} ~ 43°C; 
otherwise. 

6.3.3 Necrosed tissue volume estimation 

The necrosed tissue volume is estimated by the isothermal dose volume 

surrounded for 240 min at the reference temperature of 43°C. This provided a 

reasonable prediction of necrosed tissue volume. This technique has been found 

to be a reasonable model for predicting tissue necroses induced by a spherically 

curved transducer (Damianou and Hynynen, 1994). 

A two layered medium, water-tissue was assumed in the simulations. The 

speed of sound and the density were 1500 mjs and 998 kgjm3 respectively for both 

media. The attenuation coefficient ofthe tissue was assumed to be 10 NpjmjMHz. 

The thermal properties of the tissue are given in Table 6.2. 
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6.4 Results for the 16-element array 

6.4.1 Comparison of experimental results with simulations 

It was necessary to verify the numerical model using the 16 square-element 

phased array with a spherical surface before relying on the simulations. The 

experimental and simulated profiles of the pressure amplitude squared at the 

acoustic focus are displayed in Figure 6.2. All the data were normalized to 1 

by dividing by the maximum pressure amplitude squared for each curve. Figure 

6.2{a) shows the results for the case with uniform excitation sources. There was 

good agreement between the simulations and experimental results for the main 

beam. When the array was excited by various phase settings, the simulations 

reasonably predicted the sidelobe distributions found in the experiments [Figures 

6.2(b) through 6.2(d)]. The maximum power output measured was at least 14 W 

for each transducer element. 

Table 6.2 Thermal properties of the tissue used in the simulations. 

parameter value units 

Pt - tissue density 998 kg/m3 

Ct - tissue specific heat 3770 J/kg °C 
kt - tissue thermal conductivity 0.5 W/m °C 
w - blood perfusion rate 1 kg/m3s 
Cb - blood specific heat 3770 J/kg °C 
Ta - arterial blood temperature 37 °C 
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Figure 6.2 Relative pressure amplitude squared distribution as a function of lat
eral distance at the acoustic focus (z = 129 mm). The profile with the dotted line 
was measured, and the profile with the solid line was simulated. The amplitudes 
were all the same with phases (a) uniform, (b), (c), and (d) various. 
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6.4.2 Simulation results 

The phased array ultrasound transducer used in the experiments was sim

ulated first. A calculation volume of 30 x 30 x 90 mm3 was used for this phased 

array. The axial distance from the center of the transducer to the water-tissue in

terface was 70 mm. The inverse technique results are shown first. The amplitude 

and phase settings calculated by the inverse technique corresponding to selected 

control points in Table 6.1 are given in Table 6.3. The contour plots of power 

deposition calculated for these array settings are displayed in Figure 6.3. For four 

control points, only one focus was produced, which was centered on the axis when 

the pressure at all of the control points were in phase [Figures 6.3(a) and 6.3(b)]. 

Four focal spots were obtained if the pressure at the control points had 90.0° phase 

shifts from one point to another [Figures 6.3(c) and 6.3(d)]. Comparing Figures 

6.3(c) and 6.3(d) with Figures 6.3(e) and 6.3(f), the peak to peak distance was 

increased when the control points on a 1.25 mm radius circle increased to a 3.25 

mm radius circle. However, if the control points were on a 5.25 mm radius circle, 

the focal spots were at the same location as Figures 6.3(c) and 6.3(d). The field 

distributions (not shown here) were very similar to Figures 6.3(c) and 6.3(d). For 

six control points, six focal spots were obtained at control locations with different 

patterns [Figures 6.3(g) and 6.3(h)], and two additional focal spots were at the 

center. When the number of control points increased to eight, the power deposi

tion pattern had the maximum pressure amplitude in front of the focal plane with 

strong peaks at the water-tissue interface (z=70 mm) [Figures 6.3{i) and 6.3(j)]. 

These results were used to select simplified amplitude and phase settings which 

were then used in necrosed tissue volume simulations (Table 6.4). 



101 

Table 6.3 Phase and amplitude settings calculated with the inverse technique for 
the 16 square-element spherically curved phased array. The control points used 
in the calculations are given in Table 6.1. 

en An 

265.7° 64.2° 64.2° 265.7° 1.0 2.6 2.6 1.0 
case 64.2° 58.1 ° 58.1 ° 64.2° 2.6 6.2 6.2 2.6 

I 64.2° 58.1 ° 58.1 ° 64.2° 2.6 6.2 6.2 2.6 
265.7° 64.2° 64.2° 265.7° 1.0 2.6 2.6 1.0 

119.7° 95.0° 38.0° 29.7° 1.8 1.5 1.5 1.8 
case 128.0° 104.1 ° 14.1 ° 5.0° 1.5 1.0 1.0 1.5 
II 185.0° 194.1 ° 284.1 ° 308.0° 1.5 1.0 1.0 1.5 

209.7° 218.0° 275.0° 299.7° 1.8 1.5 1.5 1.8 

311.9° 212.3° 304.3° 221.9° 1.0 1.0 1.0 1.0 
case 34.3° 114.9° 24.9° 122.3° 1.0 1.0 1.0 1.0 
III 302.3° 204.9° 294.9° 214.3° 1.0 1.0 1.0 1.0 

41.9° 124.3° 32.3° 131.9° 1.0 1.0 1.0 1.0 

158.0° 142.4° 59.2° 68.0° 1.1 1.2 1.0 1.1 
case 149.2° 133.2° 43.2° 52.4° 1.0 1.0 1.0 1.2 
IV 232.4° 223.2° 313.2° 329.2° 1.2 1.0 1.0 1.0 

248.0° 239.2° 322.4° 338.0° 1.1 1.0 1.2 1.1 

18.0° 273.1 ° 246.2° 152.4° 2.0 1.2 1.0 2.3 
case 274.2° 106.0° 32.8° 247.9° 1.3 2.0 2.0 1.3 

V 67.9° 212.8° 286.0° 94.2° 1.3 2.0 2.0 1.3 
332.4° 66.2° 93.4° 198.0° 2.3 1.0 1.2 2.0 

306.3° 309.0° 208.3° 216.3° 1.0 1.1 1.0 1.0 
case 298.3° 114.5° 24.5° 219.0° 1.0 2.1 2.1 1.1 
VI 39.0° 204.5° 294.5° 118.3° 1.1 2.1 2.1 1.0 

36.3° 28.3° 129.0° 126.3° 1.0 1.0 1.1 1.0 
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Figure 6.3 Contour plots of power deposition for calculated amplitude and phase 
settings. The control points used to calculate amplitudes and phases from Table 
6.1 were: (a, b) case I, (c, d) case II, (e, f) case III, (g, h) case V and (i, j) case 
VI. The figures on the left side are axial plane distributions, and on the right side 
are focal plane distributions (z = 129 mm). The water-tissue interface is at z=70 
mm. 
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Table 6.4 The simplified phase and amplitude settings for the 16 square-element 
spherically curved phased array used in the necrosed tissue volume calculations. 

Bn An 

0.00 0.00 0.00 0.00 1.0 1.0 1.0 1.0 
case 0.00 0.00 0.00 0.00 1.0 5.0 5.0 1.0 

I 0.00 0.00 0.00 0.00 1.0 5.0 5.0 1.0 
0.00 0.00 0.00 0.00 1.0 1.0 1.0 1.0 

90.00 90.00 0.00 0.00 1.0 1.0 1.0 1.0 
case 90.00 90.00 0.00 0.00 1.0 1.0 1.0 1.0 
II 180.00 180.00 270.00 270.00 1.0 1.0 1.0 1.0 

180.00 180.00 270.00 270.00 1.0 1.0 1.0 1.0 

270.00 180.00 270.00 180.00 1.0 1.0 1.0 1.0 
case 0.00 90.00 0.00 90.00 1.0 1.0 1.0 1.0 
III 270.00 180.00 270.00 180.00 1.0 1.0 1.0 1.0 

0.00 90.00 0.0 0 90.00 1.0 1.0 1.0 1.0 

270.00 240.00 210.00 180.00 1.0 1.0 1.0 1.0 
case 300.00 90.00 0.00 150.00 1.0 1.0 1.0 1.0 
IV 330.00 180.00 270.00 120.00 1.0 1.0 1.0 1.0 

360.00 30.00 60.00 90.00 1.0 1.0 1.0 1.0 
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The isothermal doses for tissue necrosis for five amplitude and phase set

tings are displayed in Figure 6.4. Let's consider the ultrasound pulse duration 

10 s case (solid line). For the uniform excitation case, the focus was located at 

a depth of 59 mm from the interface. Based on the 240 minute isothermal dose 

[Figures 6.4( a) and 6.4(b)], the shape of the necrosed tissue volume was close to 

an ellipsoid. The calculated volume was about 85 mm3 , measuring 3 mm laterally 

and 18 mm longitudinally. Isothermal doses are also shown in the same figures for 

the ultrasound pulse durations of 5 sand 1 s, where the input power was adjusted 

so that the maximum temperature was kept at 80°C. For case I of Table 6.4, the 

necrosed tissue length [Figure 6.4( c) 1 was 42 mm, and the width [Figure 6.4( d) 1 

was 3.4 mm. The length was more than double and width was slightly enlarged 

compared to the uniform excitation case. The computed necrosed tissue volume 

was about 339 mm3 . Figures 6.4(e) and 6.4(f) shows case II of Table 6.4, for 

which the necrosed tissue length and width were 20.8 mm and 5.1 mm, respec

tively. The length was slightly longer and the width was almost double compared 

with the uniform excitation case. Notice that this case is equivalent to the situ

ation in which the phased array had only four elements with sides of 39.4 mm. 

The calculated necrosed tissue volume was about 377 mm3 • Figures 6.4(g) and 

6.4(h) indicates that there were four focal points in the power deposition for case 

III of Table 6.4. The shortest peak to peak distance was about 4A, where A is the 

wavelength. The whole volume was the summation of the four individual small 

necrosed tissue volumes which were produced by the four focal points. Each small 

volume was about the same size as the volume in the uniform excitation case for 

the 1 sand 5 s sonications. For the 10 s sonication a united volume was created 

with the total volume of 810 mm3 . For the amplitude and phase setting of case 
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IV in Table 6.4, the power deposition (not shown here) indicated that there were 

four strong focal points (depth 54 mm) surrounded by four small focal points. 

The shortest distance between the strong peaks was about 2),. Simultaneous fo

cusing at these points was performed to enlarge the heated volume compared to 

the uniform excitation case. The calculated isothermal dose [Figures 6.4(i) and 

6.4(j)] from the temperature distribution had a maximum length of 38.5 mm and 

a maximum width of 7.2 mm, and the necrosed tissue volume was close to 1.4 

cm3 • 

To illustrate the effect of frequency on necrosed tissue volume production, 

the isothermal doses for case IV of Table 6.4 with an ultrasound pulse duration 10 

s are shown in Figures 6.5{a) and 6.5{b). The calculated volume was 60 x 60 x 90 

mm3 for 0.5 MHz, 40 x 40 x 90 mm3 for 1.0 MHz, and 30 x 30 x 90 mm3 for 

1.4 and 2.0 MHz. The distance from the transducer to the interface was kept the 

same (70 mm), while the frequency was varied. The ratio of the necrosed tissue 

length to width was almost independent of frequency. The size increased as the 

frequency decreased. The shapes were similar for frequencies of 1 to 2 MHz. 

To understand the effect of radius of curvature on the necrosed tissue 

volume, the isothermal doses for case IV of Table 6.4, with an ultrasound pulse 

duration of 10 s and operating frequency of 1.4 MHz are displayed in Figures 

6.5(c) and 6.5{d). The distance from the transducer to the interface was varied 

according to the radius of curvature to maintain a constant focal depth. The 

necrosed tissue volume increased rapidly along the longitudinal direction toward 

the interface as the radius of curvature increased. However, the diameter of the 

necrosed tissue volume increased only slightly in the focal plane. 
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To show the capability of the phased array to move the focus, contour plots 

of the power deposition for the maximum displacement are displayed in Figure 

6.6. The simulation model was the same as the one used to generate Figure 6.3. 

The phase distributions were obtained based on directly calculations, i.e., phase 

On = 2rrdn/ >., n = 1,2"", N, where dn is the distance from the center of the 

element to a desired focus. Figure 6.6(a) shows the results for the case with 

uniform amplitude and phase setting. The focus could be moved 7 mm closer to 

the interface [Figure 6.6(b)], or 7 mm deeper [Figure 6.6(c)] compared with Figure 

6.6(a). Figure 6.6(d) shows the phased array focus shifted 1.5 mm off the central 

axis. When larger displacements were attempted, the phase increment between 

adjacent elements exceeded rr /2. Distributions generated by those phases are 

no longer single, strongly focused ultrasound fields. Therefore, these were the 

maximum displacements achievable with this array in the sense of keeping the 

fields in the region of focus similar to those for the uniform excitation case. 

Finally, Figure 6.7 shows the input power requirements for the uniform ex

citation and four amplitude and phase settings given in Table 6.4. For ultrasound 

pulse durations of 5 s or 10 s, the power ranged from 30 W to 250 W. For a 1 s 

pulse, the input power could be as high as 900 W, depending on the amplitude 

and phase settings. 
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Figure 6.4 Isothermal doses for the uniform excitation case (a, b) and the am
plitude and phase settings in Table 6.4: (c, d) Case I, (e, f) Case II, (g, h) Case 
III, and (i, j) Case IV. The figures on the left side are axial plane distributions, 
and on the right side are focal plane distributions [(b) z = 129 mm, (d) z = 128 
mm, (f) z = 128 mm, (h) z = 129 mm, and (j) z = 124 mm]. The ultrasound 
pulse durations used in the thermal dose calculations were: 10 s (solid line), 5 s 
(dashed line), and 1 s (dotted line). 
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Figure 6.S The isothermal dose for case IV of Table 6.4 with various frequencies 
(a, b), and with various radii of curvature (c, d). The ultrasound pulse duration 
used in the thermal dose calculations was 10 s. The distance from the transducer 
to the interface was 130 mm, 100 mm, 78 mm, and 32 mm for radii of curvature 
of 200 mm, 160 mm, 130 mm, and 80 mm, respectively. (a, c) is axial plane 
distribution, and (b, d) is the focal plane distribution. 
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Figure 6.6 Contour plots of power deposition for various amplitude and phase 
settings. (a) is the uniform excitation case. The axial distance from the transducer 
to the focus was (a) 129 mm, (b) 122 mm, (c) 136 mm , and (d) 129 mm, shifted 
1.5 mm. 
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Figure 6.7 The input power requirement to reach the same temperature level at 
the end of ultrasound pulses for various cases. Case 1 is for the uniform excitation 
case, Case 2 - 5 are corresponding to the amplitude and phase settings of Case 
I-IV in Table 6.4. 



111 

6.5 Discussion for the 16-element array 

The experimental and simulation results showed that a 16-element phased 

array can offer significant control over the size and shape of the necrosed tissue 

volume during ultrasound surgery. The experiments showed that such an array 

can be constructed and it can deliver enough power for surgical purposes. The 

simulated and experimental ultrasound field distributions agreed reasonably well. 

The differences may be due to uneven element size and power output in the phased 

array as well as measurement errors. Since the peak to peak distance was only 

a few millimeters, the ultrasound detector may contribute some measurement 

errors. The simulation model accurately predicted the locations of sidelobes and 

main beams except that it over predicted the magnitude of the sidelobes. When 

adjacent elements of a phased array are very close to each other, the mutual 

coupling between the elements would have an effect on the ultrasound field. The 

difference between the sidelobes in the experiments and the simulations may be 

due to the lack of such crosstalk in the calculations. The differences may also 

be due to the phase errors from the array elements which were not perfectly 

positioned on the spherical surface because of array construction technique. 

The above results proved that the large element spherically curved phased 

array can enlarge the necrosed tissue volume. The phased array can also enlarge 

the necrosed tissue volume in only one direction at a time, if desired. It is im

portant to be able to control the focal spot size so that a large tumor could be 

treated in a reasonable time. The construction of the whole system was relatively 

simple due to the small number of elements. The 16-element phased array can 

also shift the focus off the central axis or move the focus along the central axis. 

However the distance is limited to ±1.5 mm laterally and 14 mm in the axial 
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direction. In moving the focus along the central axis, the array is similar to a 

concentric-ring array with two rings. Theoretically, the maximum phase incre

ment between adjacent elements is 1l'. Therefore, the maximum possible phase 

difference between the smallest and largest phases is 1l' when moving the focus 

along the central axis. From geometric considerations, this phase difference pro

duces displacements along the central axis of up to 23 mm (10 mm closer, 13 

mm deeper). In shifting the focus sideways, it is similar to a cylindrical section 

array with four elements. The maximum possible phase difference between the 

smallest and largest phases is 31l' for shifting the focus sideways. Geometrically. 

this phase difference shifts the focus ±3.4 mm laterally. Hmvever, in practice 

the phase increment between the adjacent elements should be less than 1l' /2 to 

generate a single strongly focused ultrasound field. 

The 16-element phased array can generate four focal points with a peak 

to peak distance as short as two wavelengths. The maximum distance between 

the closest peaks is limited to about four wavelengths. When the four control 

points were on a circle of radius 5.25 mm, the phase increment between adjacent 

elements exceeded 1l' for this array. Therefore, physically it is impossible to use 

the phase and amplitude setting obtained by inverse techniques to produce the 

four focal spots at the control points. Although equation (6.4) represents an un

derdetermined system, it gave us a solution at the control points. When multiple 

foci are separated by distances larger than 4.6 millimeters, the necrosed tissue 

volume becomes a few individual smaller volumes, which are not united for short 

ultrasound pulse durations. 

By decreasing the frequency, the necrosed tissue volume can be enlarged 

because the focal spot increases due to the increased wavelength. But the ratio of 
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the necrosed tissue length to the width was kept almost the same. As the radius 

of curvature is increased, the necrosed tissue volume can also be enlarged. The 

necrosed tissue volume is increased mainly in the axial direction. This agrees with 

previous experience using single element spherically curved transducers (Dami

anou and Hynynen, 1994). 

Phased arrays require more input power than similar single focused trans

ducers to reach the same temperature level for the same ultrasonic pulse duration 

due to increased focal spot size. The test array measurements showed that the re

quired power levels can be generated in practice at least for 5 sand 10 s exposures 

and thus, the proposed technique is feasible. 

In order to obtain the desired field pattern, several field control points are 

necessary to perform the inverse calculations. However, the number of utilizable 

field control points is limited by the number of phased array elements. Hence 

the number of field patterns that produce significantly different shapes or sizes of 

the measured volume is limited. Although only few amplitude and phase settings 

were presented in this study, the results provided information which could aid in 

planning ultrasonic surgery using a phased array system with a small number of 

elements. These results have not been optimized; nevertheless they illustrate the 

feasibility and range of focal size and shape obtainable with a 16-element array. 

The calculations and experiments can be used to obtain a set of different focal 

spots for a given array. This limited number of focal spots can then be utilized 

to optimally cover the target volume in minimum time. The minimization of 

the duration of the treatment is an important factor for controlling the cost of 

the procedure, especially when MRI is used to guide and monitor the treatment 

(Hynynen et al., 1993). If more control over the field pattern is required, then an 
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array with a larger number of elements is required. Such an array could also be 

used to compensate for the effect of tissue nonuniformities which may distort the 

focal pattern (Fan and Hynynen, 1992, 1994). 



CHAPTER 7 

ULTRASOUND SURGERY TREATMENT TIME 

CONSIDERATIONS 
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The noninvasive surgery of a tumor by focused transducers or phased arrays 

with multiple sonications was simulated in this chapter. The effects of multiple 

sonications on near field heating was investigated by varying the delay time be

tween consecutive pulses and the movement pattern of the transducer within the 

focal plane. The treatment time is often long when a strongly focused transducer 

is used to treat a large tumor, because the size of the necrosed tissue generated 

by the focused ultrasound beam is small and requires a large number of multiple 

sonications. This study demonstrated that phased arrays can offer significantly 

shorter treatment times than similar spherically curved transducers. 

7.1 Ultrasound surgery treatment simulations 

7.1.1 Model of treatment simulations 

The ultrasound surgery treatment was simulated by sonicating a larger 

tumor with multiple pulses. The transducer is moved laterally to a new posi

tion after each ultrasound pulse exposure. After one focal plane was completely 

treated, the transducer was moved to the next focal plane. The step size of the 

movement depends on the size of the necrosed tissue volume that is coagulated 

by each sonication. To avoid leaving gaps of untreated tissue between consecutive 
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pulses, an overlap on the focal volumes is required. The transducer power was 

kept constant during all sonications. A simplified physical model for ultrasound 

surgery and coordinate system used in this study is shown in Figure 7.1 (a). Typ

ical a..'Xial and lateral movements of a transducer produced necrosed tissue areas 

on the axial and focal planes as illustrated in Figures 7.1(b) and 7.1(c). 

Treatments of a 3 x 3 x 3 cm3 tumor were simulated in this study. A 

calculation volume of 6 x 6 x 9 cm3 cube was used in the simulations. The 

ultrasound field model was a simple two layered water-tissue medium. The center 

of the tumor was located 5 ern from the water-tissue interface. The thermal model 

assumed a homogeneous medium with a low perfusion to simulate the worst case 

situation. A surface temperature of 37°C on the cube and an initial temperature 

of 37°C inside the cube were used as boundary and initial conditions. The acoustic 

and thermal properties of the media used in the simulations are given in Table 

7.1. The ultrasound transducers used in this study are given in Table 7.2. All the 

simulations were done on an IBM-PVS parallel computer. 
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(a) 
z 

(b) 
z 

(c) 
x 

Figure 7.1 Simplified ultrasonic surgery model with the coordinate systems used 
in the simulations (a) and typical movements of the transducer in the axial plane 
(b) and focal plane (c). 
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Table 7.1 Thermal and acoustic parameters used in the simulations. 

parameter value units 

tissue density 998 kg/m3 

tissue specific heat 3770 J/kgoC 
tissue thermal conductivity 0.5 W/moC 
blood perfusion rate 1 kg/m3 s 
blood specific heat 3770 J/kgoC 
arterial blood temperature 37 °C 

water density 998 kg/m3 

speed sound of water & tissue 1500 m/s 
tissue attenuation coefficient 5 Np/m/MHz 

Table 7.2 The focused transducers and the 16-element and 64-element phased 
arrays with an operating frequency of 1.48 MHz used in the surgery simulations. 

Focused transducer Diameter (em) 
or Radius of curvature (em) or 

Phased array Size of element (em) 

T1 8 10 
T2 15 10 

PAl (16-element) 8 2.2 
P A2 (16-element) 15 2.2 
P A3 (64-element) 8 1.1 
P A4 (64-element) 15 1.1 
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7.1.2 Size of the necrosed tissue 

Before a focused ultrasound transducer or a phased array can be used, 

the size of the necrosed tissue generated by a single pulse, and the final time 

needed to necrose the tissue must be known. The final time is the heating time 

(pulse duration) plus cooling time (pulse off). Here the cooling time is defined as 

the time required for the maximum temperature to decay back to the reference 

temperature after the pulse is turned off. This information will allow the selection 

of the step size and the delay time between the consecutive pulses. Note that the 

delay time is not equal to the cooling time defined above. The minimum delay 

time to avoid normal tissue damage is not easily calculated. Several delay times 

were tried in the treatment simulations, and the shortest acceptable delay time 

was selected iteratively. Figures 7.2 and 7.3 show the isothermal dose (size of 

necrosed tissue) produced by a single pulse from the transducers in Table 7.2 with 

three different pulse durations. The input acoustic powers used in the simulations 

are given in Table 7.3. Here the input powers were selected so that the maximum 

temperature was approximately 100°C. The final time needed to produce these 

sizes of necrosed tissue are also given in Table 7.3. 

7.1.3 Patterns of transducer movement 

The pattern of transducer movement in the focal plane is another factor 

which needs to be known prior to surgery. The three different patterns of trans

ducer movement tested are shown in Figure 7.4. The effects of these movements 

on the size of the necrosed tissue volume are illustrated in Figure 7.5 for the 

transducer Tl with a 10 s pulse, and four different delay times. It can be seen 

that when the delay time was decreased, the size of the necrosed tissue increased; 

mainly axially in front of and behind the focal region. The different transducer 
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movement patterns produced different shapes and sizes of necrosed tissue vol-

urnes. Figure 7.6 shows the temperature elevation as a function of time at three 

typical locations along the central axis. The temperature elevation at all depths 

was high for short delay times. 

Table 7.3 The input power and final time used to calculate the thermal dose for 
the transducers given in Table 7.2 with a single pulse. The maximum temperature 
was about 100°C. 

Transducer Input Power (W) Pulse Duration (s) Final Time* (s) 

20 10 36.0 
T1 25 5 22.0 

52 1 8.0 

32 10 56.0 
T2 44 5 37.0 

126 1 19.0 

68 10 94.0 
PAl 108 5 73.0 

362 1 46.0 

114 10 148.0 
PA2 191 5 125.0 

678 1 87.0 

211 10 191.0 
PA3 330 5 159.0 

819 1 81.0 

472 10 268.0 
PA4 690 5 225.0 

2126 1 159.0 

* The final time is truncated to the nearest integer. 
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Figure 7.2 The lesion boundary (isothermal dose at 240 min at 43°C) for three 
different pulse durations: 10 s (solid line), 5 s (dashed line), and 1 s (dotted line). 
The transducers used in the simulations were given in Table 7.2: T1 for (a, b), 
T2 for (c, d), PAl for (e, f), and PA2 for (g, h). 
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Figure 7.3 The lesion boundary for three different pulse durations: 10 s (solid 
line), 5 s (dashed line), and 1 s (dotted line). The transducers used in the simu
lations were given in Table 7.2: P A3 for (a, b), and P A4 for (c, d). 
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(a) 

(b) 

(c) 

Figure 7.4 Three typical movements of the transducer in the focal plane during 
multiple sonications, namely (a) one sided, (b) two sided, (c) alternated. 
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Figure 7.5 The effects of transducer movement on the necrosed tissue volume: 
(a, b) one sided, (c, d) two sided, (e, f) alternated. The transducer Tl was used 
in the calculations with a 10 s pulse duration and four different delay times (1 s, 
10 s, 20 s, 40 s). 
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Figure 7.6 Temperature elevations as a function of time on the central axis at: 
(a) depth 2 em (z = 5 em), (b) depth 3 em (z = 6 em), and (c) depth 7 em 
(z = 10 em) for case (c) in Figure 7.5. 
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7.2 Ultrasound surgery with focused transducers 

The transducer Tl was simulated first. According to the results shown in 

Figures 7.2( a) and 7.2(b), the size of the necrosed tissue has length/width ratio of 

8.0 mm/2.5 mm for a 10 s pulse, 7.9 mm/2.0 mm for a 5 s pulse, and 6.0 mm/1.5 

mm for a 1 s pulse. From this information, the input power, ultrasound pulse 

duration, delay time, number of pulses in each focal plane, and number of layers 

(focal plane) necessary for the surgery could be determined after a few trials. All 

of this information is summarized in Table 7.4. The treatment times vary from 

12.5 to 22.5 hours. As an example, the treatment simulation results for a 10 s 

pulse, i.e., isothermal dose at 240 min, is shown in Figures 7.7(a) and 7.7(b). It 

can be seen that the entire tumor volume exceeded the threshold dose. 

Second, the transducer T2 was used to treat the tumor. Based on the 

results shown in Figures 7.2(c) and 7.2(d), the size of the necrosed tissue had a 

length/width ratio of 23.0 mm/3.5 mm for a 10 s pulse, 21.0 mm/3.0 mm for a 

5 s pulse, and 19.0 mm/2.5 mm for a 1 s pulse. The input power and the final 

time are given in Table 7.3. The treatment information is given in Table 7.4. The 

isothermal dose at 240 min is shown in Figures 7.7 ( c) and 7.7 ( d) for the 10 s pulse 

case. The required treatment time varied from 10.0 to 11.8 hours. 
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Figure 7.7 The necrosed tissue boundary (solid line) after multiple pulses (10 
s) treatments of the 3 x 3 x 3 cm3 target volume. The transducers used in the 
simulations from Table 7.2 were: T1 for (a, b) and T2 for (c, d). The dotted line 
represents the boundary of the tumor. 
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Table 7.4 The input power, ultrasound pulse durations, delay time, number of 
pulses in each focal plane, and number of focal planes used in the simulations. 

Input Pulse Delay Number of Number of Treatment 
Transducer Power (W) Duration (s) Time (s) Pulses Planes Time (hr) 

20 10 40 225 4 12.5 
T1 25 5 30 400 4 15.5 

52 1 14 900 6 22.5 

32 10 120 144 2 10.3 
T2 44 5 90 225 2 11.8 

126 1 44 400 2 10.0 

68 10 130 49 2 3.8 
PAl 108 5 100 49 3 4.3 

362 1 69 81 3 4.7 

114 10 460 25 1 3.1 
PA2 191 5 390 36 1 3.8 

678 1 309 64 2 10.9 

211 10 440 16 2 3.9 
PA3 330 5 320 16 2 2.8 

819 1 

Note: The 64-element phased array with radius of curvature 15 cm is not used in 
the treatment simulations. 
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7.3 Ultrasound surgery with spherically curved phased arrays 

7.3.1 16-element phased array 

In comparison with single focused ultrasound transducers, spherically 

curved 16-element phased arrays were used to treat the same tumor. The arrays 

were formed by projecting a square lattice onto the spherically curved transducer. 

The physical size and operating frequency of the arrays are given in Table 7.2. 

The arrays are almost the same as T1 and T2 except for small differences in the 

shape caused by the lattice projection. 

For phased array PAl, the size of the necrosed tissue volume generated 

by a single pulse is shown in Figures 7.2{e) and 7.2{f) with a length/width ratio 

of 14.0 mm/5.7 mm for a 10 s pulse, 12.5 mm/5.2 mm for a 5 s pulse, and 10.0 

mm/5.0 mm for a 1 s pulse. The input power and the final times are given in the 

Table 7.3, and the treatment information is given in Table 7.4. The isothermal 

dose contour line at 240 min is shown in Figures 7.8(a) and 7.8(b) for the 10 s 

pulse. Compared to transducer Tl, the treatment time was reduced by more than 

8 hours. 

For phased array P A2, the size of the necrosed tissue had a length/width 

ratio of 34.0 mm/8.0 mm, 31.5 mm/8.0 mm, and 27.0 mm/8.0 mm for a 10 s, 5 s, 

and 1 s pulse respectively [Figures 7.2{g) and 7.2(h)]. The input powers and the 

final times can be found in Table 7.3, and the treatment information can be found 

in Table 7.4. The 240 min isothermal dose contour line is shown in Figures 7.8(c) 

and 7.8(d) for a 10 s pulse. Compared to transducer T2, the treatment time was 

reduced by more than 7 hours for 10 sand 5 s pulse durations. 
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7.3.2 64-element phased array 

Due to the small number of elements, the 16-element phased array can 

only produce very limited useful field distributions (Fan and Hynynen, 1995). 

The multiple foci are also confined to a small region. The feasibility of using 

a phased array with a larger number of elements to treat the same tumor was 

investigated. The 64-element phased arrays P A3 and P A4 given in Table 7.2 

were studied here. These arrays are the same as PAl and P A2, except for the 

size and the total number of elements. 

The sizes of the necrosed tissue volume generated by these arrays with a 

single pulse are shown in Figure 7.3. For phased array P A3 the length/width 

ratios were 23.0 mm/10.0 mm for a 10 s pulse, and 18.5 mm/8.5 mm for a 5 s 

pulse. A nonunited necrosed tissue volume is formed with the 1 s pulse. The 

input power and the final time used in the simulations are given in Table 7.3. 

The treatment information is given in Table 7.4. The 240 min isothermal dose 

contour line is shown in Figures 7.8(e) and 7.8(f) for a 10 s pulse. Compared to 

phased array PAl, the shortest treatment time was reduced by 1 hour. The 1 s 

pulse case was not used in the treatment simulations. 

For the phased array P A4, the sizes of necrosed tissue volumes shown in 

Figure 7.3 were not united for both 5 sand 1 s pulse durations. The necrosed 

tissue volumes extended all the way to the tissue interface for 10 sand 5 s pulses. 

The input power and the final time are given in the same table as the previous 

case. Obviously, this array is not suitable for treating the tumor. 
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Figure 7.8 The necrosed tissue boundary (solid line) after multiple pulses (10 s) 
treatments of the 3 x 3 x 3 cm3 target volume. The phased arrays used in the 
simulations from Table 7.2 were: P Al for (a, b), P A2 for (c, d), and P A3 for (e, 
f). The dotted line represents the boundary of the tumor. 
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7.4 The effect of input power on necrosed tissue volume 

In the above treatment simulations, the input power was selected so that 

the maximum temperature was approximately 100°C. To illustrate the effect of 

input power on the necrosed tissue volume, the transducer Tl, phased array P Al 

and phased array P A3 were used in the simulations wi th different power levels for 

10 s ultrasound pulse durations. Figure 7.9 shows the 240 min isothermal dose 

lines with the input power selected such that the maximum temperature was 90°C, 

80°C, 70°C, and 60°C. The input power and final time used in the simulations 

are given in Table 7.5. As one might expect, the necrosed tissue volume became 

smaller as the input power decreased. When these input powers were used for 

the focused ultrasound transducer Tl in the treatment simulations, the number of 

multiple pulses increased compared with the previous cases. For example, Tl with 

the input power selected so that the maximum temperature was 80°C required 

5 focal planes and 400 sonications per focal plane. Assuming the delay time 

between the sonications is the same as the final time of 27 s, the treatment time 

will be 20.6 hours. Compared to the 10 s pulse with a maximum temperature of 

100° C case, the treatment time is increased. However, for the 64-element phased 

array with the input power selected such that the maximum temperature was 

80°C, the same number of sonications as the 100°C case were required. With a 

minimum delay time of 290 s, the treatment time is 2.6 hours. Doing the same 

comparison as above, the treatment time is decreased. The reason for this is that 

the 10 s pulse with a maximum temperature of 100°C has a large overlap between 

the two sonication planes. This overlap can be reduced by decreasing the peak 

temperature and thus, less energy is wasted. 
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Figure 7.9 The necrosed tissue boundary for selected input powers so that 
the maximum temperature was: 90°C (dotted line), 80°C (dashed line), 70°C 
(chained line), and 60° C (solid line). The transducers used in the simulations 
were Tl for (a, b), P Al for (c, d), and P A3 for (e, f) and with a 10 s pulse 
duration. 
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Table 7.5 The input power and final time used to calculate the thermal dose for 
the transducers T1, PAl and P A3 with 10 s pulse duration. 

Transducer Input Power Maximum Temperature Final Time* Treatment Timet 
(W) (OC) (s) (hr) 

17.2 90 

14.0 80 
T1 

10.7 70 

7.5 60 

57.4 90 

46.5 80 
PAl 

35.7 70 

24.9 60 

177.5 90 

144.0 80 
PA3 

110.5 70 

77.0 60 

* The final time is truncated to the nearest integer. 
t The treatment time is estimated. 

32.0 15.7 

27.0 22.2 

22.0 27.7 

17.0 149.9 

80.0 6.1 

65.0 7.9 

50.0 9.6 

35.0 21.7 

171.0 3.4 

146.0 2.8 

116.0 7.3 

80.0 31.9 
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7.5 Discussion of ultrasound surgery 

The near field heating due to cumulative temperature elevation induced 

by multiple sonications both in front and behind the focal plane (Damianou and 

Hynynen, 1993) is strongly dependent on the perfusion rate, which is the most 

uncertain factor during the treatment. Although only one low perfusion rate was 

used in this study, it shows the behavior of cumulative temperature elevation and 

gives the worst case. From the simulation results, it was shown that the time 

delay between consecutive pulses was necessary for a low perfusion rate to avoid 

damage to normal tissue. The effect of consecutive pulses on the necrosed tissue 

volume is mainly in front of and behind the focal region along the central axis. 

The delay time is strongly dependent on the combination of input acoustic power 

and pulse duration used in the surgery. The geometrical characteristics of the 

transducer, pulse duration and input power all have effects on the size of the 

necrosed tissue generated by a single pulse (Damianou and Hynynen, 1994). The 

length of the delay time between the pulses required to avoid temperature build 

up and normal tissue damage is a critical question for ultrasound surgery. There 

is no unique answer for this question, and it is difficult to give an exact formula 

to calculate the minimum delay time. However, the delay time can be estimated 

from the following empirical formula: 

delay time ~ e x (final time) x log (input power), 

where e is given by 

e _ {1.0 
- f-number 

if f-number::; 1, 
otherwise. 
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This empirical relation may not exactly give the required delay time, but it pro

vides a good starting point. 

The minimum number of pulses required in each square focal plane is given 

by 

(WNH'TWJ' 
where WT is the lateral size of the tumor, W N is the lateral size of the necrosed 

tissue generated by a single pulse, and W 0 is the lateral overlap length. It can be 

seen that if W N increases a few millimeters, the number of pulses will decrease 

quadratically. Although the delay time may increase ",:hen W N is enlarged, the 

overall treatment time will decrease. To minimize the treatment time, it is im

portant to reduce the number of pulses. The size of the necrosed tissue generated 

by a single pulse should be maximized. For a fixed focused transducer the size of 

the necrosed tissue volume may be increased by increasing the input power and 

pulse duration. The long pulse durations utilize thermal conductivity to spread 

the heated tissue volume and to produce a larger necrosed tissue volume; however, 

the longer the exposures, the more sensitive to perfusion they become (Billard et 

al., 1990). Alternatively, the acoustic focus can be made larger. 

When the radius of curvature of the transducer is increased, the necrosed 

tissue size will increase primarily in the axial direction. This feature will reduce 

the required number of focal planes necessary for a treatment. From simulation 

results for transducer T2, it can be seen that treating a 3 x 3 x 4 cm3 tumor will 

require the same amount of time as for a 3 x 3 x 3 cm3 tumor. This is because 

the overlap area between the focal planes is adequate to cover the larger volume. 

Therefore, transducer characteristics should be selected based on the size and 

shape of the tumor to minimize the treatment time. 
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The size of the necrosed tissue volume can be made even larger by using a 

spherically curved phased array to produce multiple foci or by scanning a single 

focus or multiple foci patterns within a desired region to enlarge the necrosed 

tissue volume. From the simulation results, it can be seen that the treatment 

time can be significantly reduced by utilizing phased arrays. Also overlapping 

fields (Fry et al., 1955), lenses (Hunt, 1985) or scanning of the transducers can be 

used to increase the spot size. However, only phased arrays offer on-line control 

of the focal spot size. 

From the results for the phased array P A4, it can be seen that a spherically 

curved phased array with a large f-number is not recommended for ultrasound 

surgery. The near field heating is very serious and could cause normal tissue to 

burn. This burning is because the ultrasound intensity ratio between the tumor 

and skin is reduced. Another problem associated with phased arrays is that 

tissue volumes with low dose can be formed if the simultaneous focal spots are 

too far apart. This can be eliminated by using multiple focal patterns that are 

quickly sequenced and repeated to cover the focal volume. The switching of the 

sonication pattern was not investigated here, but it will offer additional flexibility 

in optimizing the focal pattern for surgery. 

Our phased arrays and their focal patterns were not optimized for surgery, 

and are used only to demonstrate the potential benefit gained by using these ar

rays. An optimal focal pattern produces a uniform dose distribution within the 

focal volume. This pattern eliminates the high temperature elevation induced at 

the center of the focus with a spherically curved transducer. These high temper

atures cause some energy to be wasted because the center of the focus receives an 

unnecessarily high thermal dose. When large multiple foci patterns are utilized 
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to heat large areas, the ultrasound field can have unwanted hot spots. Therefore, 

the heating patterns should be carefully investigated and optimized for a given 

treatment situation. 

Although only a few results were shown in this study, they provide some 

important information necessary to develop a treatment plan for an ultrasound 

surgery treatment. Most importantly, it was shown that large tumors take a long 

time to cover using sharply focused transducers. This treatment time can be 

significantly reduced by using relatively simple phased arrays. More systematic 

studies are necessary to utilize phased arrays optimally in ultrasound surgery, and 

there are many ways to reduce the treatment time from the values presented in 

this chapter. These problems are currently under investigation in our laboratory. 



CHAPTER 8 

OPTIMAL SPHERICALLY CURVED PHASED ARRAYS 

FOR ULTRASOUND SURGERY 
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A theoretical study on the optimal design of spherically curved phased 

arrays is presented in this chapter. The theoretical phased arrays used in this 

study have a projected surface area of 8.8 x 8.8 cm2 , an 8 cm radius of curvature, 

and an operating frequency of 1.5 MHz. The number of array elements varied 

between 16, 64, 256, and 400. A diagram of the phased array design and the 

coordinate system used in this chapter is shown in Figure 6.1. Two methods of 

determining the phases and amplitudes of the control points were used in the 

inverse calculations. The advantages of electrically switching a few groups of 

multiple foci or scanning a single focus in ultrasound surgery were investigated. 

In addition, the phase resolution of the hardware driving system is also discussed 

at the end of the chapter. Acoustic and thermal models and parameters used in 

this chapter are the same as those given in Chapter 6. The interface of water-tissue 

is 3 cm from the array center. 
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8.1 Methods of determining 

the phases and amplitudes of control points 

For a given set of control points, the excitation source vector u can be 

obtained from equation (6.4) 

u = Htp, (8.1) 

where Ht is the pseudoinverse matrix of H. For selected control points at desired 

focal positions, both the magnitudes and the phases have to be specified in order 

to use equation (8.1) because the pressures at these points are complex numbers. 

Therefore, it is necessary to determine the phase and the amplitude of the pressure 

at the control points. Two methods were investigated here. 

The first method, introduced by Ebbini and Cain (1991) is used, to cal

culate the amplitude and phase settings from selected control points so that the 

gain is the maximum. In this study, a different view of this method is given in 

the following: 

Using the same terminology as Ebbini and Cain, the gain is defined by 

p*p 
G=--, 

u*u 
(8.2) 

where p* and u* are the complex conjugate transposes of p and u, respectively. 

By utilizing singular value decomposition, matrix H and its pseudoinverse matrix 

Ht can be given in the forms 

H = XSY*, and Ht = YSX*, (8.3) 

where X and Yare unitary matrices, and S is a rectangular matrix of the same 

size as H with nonnegative real diagonal entries 8} ~ 82 ~ .,. ~ 8tl1 (singular 
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values of H). S is obtained from S by replacing each positive diagonal entry by its 

reciprocal. Using equations (8.1) and (8.3), the following formula can be obtained 

u*u = p*XS*Y*YSX*p = p*XS*SX*p. 

Because the matrix S has a special structure, S*S is a diagonal matrix, denoted 

as A, with diagonal entries .:\m = s~2, (m = 1,2,···, M). By defining a new 

matrix v = X*p, it follows that p = Xv, and the gain is then given in the form 

p*p v*v 

G = p*XAX*p v* Av 
m=l 

From the above expression, it can be seen that the gain is bounded by the mini-

mum and the maximum square of the singular values of the matrix H, 

2 1 1 2 
S1 = -, > G > -, - = SM. 

>11 - - AM 

X was defined as [Xl, X2, ... , XM], where Xm (m = 1,2,···, M) is the column 

vector of X. When v* = (1,0,···,0), i.e., p = Xl, the gain is equal to the 

maximum value si. Therefore, the phases and the amplitudes of the first column 

vector of X can be used as control points to perform the inverse calculation so 

that the gain is maximized. It is important to note that the magnitude of the 

components of Xl may not be constant. If it is necessary for the magnitudes of 

the control points to be the same but the magnitudes of the components in Xl are 

not the same, then the gain is close to the square of the largest singular value. 

The second method of determining the phases and amplitudes of the con

trol points was used by Fan and Hynynen (1995). Normally the control points 

were selected on a plane at a desired focal position. All the points were evenly 
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distributed on circles or squares with centers on the central axis. The phases of 

the control points on each circle or square were chosen out of phase such that 

the phase rotated around the central axis. The magnitudes of the control points 

were chosen to be the same for all the points which were equidistant from the 

central axis. This method of phase and amplitude selection will produce destruc

tive interference on the central axis and minimize undesired peaks on the central 

axis. In the following studies, unless otherwise specified, the control points were 

selected on a square lattice in the focal plane. Any four adjacent points forming 

a square and having a 90° phase difference between adjacent points were used for 

the phase rotation method. 

8.2 Multiple foci boundary and spacing determinations 

To enlarge the necrosed tissue volume with multiple foci, the control points 

should be distributed over a large area in the focal plane. For a given phased 

array, there is a limited region in the focal plane in which the multiple foci can be 

generated. In order to avoid selecting control points outside of this limited region, 

the region should be known for a given array. The setting of the excitation sources 

with phases of 0 and 7r alternating on the elements, and uniform magnitudes 

was used to determine the limitation. The reason for using this kind of phase 

distribution was that the maximum phase shift between adjacent elements is 7r 

(see Appendix E for details). 

In order to produce multiple foci at the desired locations of the control 

points, the number of control points must be less than the number of phased 

array elements. The spacing between the adjacent control points will determine 

the total number of control points required to cover a certain area. If the spacing 
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is too large, the necrosed tissue may not be united. If the spacing is too smalL 

the total number of control points will be too large. Four foci in the focal plane 

located on a corner of a square generated by using a 64-element phased array 

were used to study the optimal spacing. The study was done by varying the foci 

spacing, the maximum temperature level and the pulse duration. 

8.3 Electrical switching of multiple foci and scanning of a single focus 

Electrical switching of multiple foci was used to partition the total number 

of control points into groups of multiple foci patterns. Using phased arrays it is 

possible to enlarge the size of the necrosed tissue volume by varying the number 

of foci generated inside of the tumor. The larger the number of control points 

used, the more likely that the ultrasound field will have unexpected hot spots. 

Therefore, the method of electrical switching of multiple foci inside of a tumor 

volume is proposed to produce a cleaner ultrasound field. The ultrasound field 

and the size of the necrosed tissue were compared with the same number of foci 

generated by a phased array at once. 

Electrical scanning of a single focus consists of generating a few focal points 

sequentially in the target volume in short time. The time required to generate 

each focus is so short that these focal points can be treated as multiple foci. The 

procedure is repeated during a pulse duration. The phase required to generate 

the single focus is directly calculated according to the distance between the point 

on the center of element to the field point of interest. 
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8.4 Truncation phase errors 

The phased arrays in the numerical simulations can have infinite phase 

resolution to produce multiple foci. However, the actual hardware driving the 

system has finite phase resolution. What phase resolution is sufficient to produce 

multiple foci for the purpose of ultrasound surgery? The phase resolution is 

dependent on the number of elements and the number of multiple foci required. 

The more elements and foci, the higher the phase resolution that is necessary for 

a given phased array. The phase resolution was investigated for the phased arrays 

proposed here by varying the number of bits of resolution. 

8.5 Results from the experiments and simulations 

8.5.1 Comparison of experimental results with simulations 

To better compare the experimental and simulated results of the phased 

arrays, two new spherically curved phased arrays were built. One is a 16-element 

array having a radius of curvature 8 em, an operating frequency 1.45 MHz, and a 

projected element area of 2 x 2 cm2 • The other one is a 64-element array having 

a radius of curvature of 10 em, an operating frequency 1.58 MHz, and a projected 

element area of 1 x 1 cm2 • Techniques were used to construct the arrays so that 

the array elements were not moved after cutting. The contour plots of relative 

pressure amplitude squared distributions in the focal plane are shown in Figure 

8.1 for the 16-element array, and in Figure 8.2 for the 64-element array. There 

was good agreement between experimental and simulation results in the shape 

and the locations of foci. The simulation results tend to have narrower foci than 

the experimental results. 
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Figure 8.1 Contour plots of relative pressure amplitude squared distributions in 
the focal plane (z = 8.0 em) for the 16-element array. Figures on the left are 
experimental results and on the right are simulation results. 
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Figure 8.2 Contour plots of relative pressure amplitude squared distributions in 
the focal plane (z = 10.0 cm) for the 64-element array. Figures on the left arc 
experimental results and on the right are simulation results. 
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8.5.2 Simulation results 

The results of multiple foci boundary and spacing limitations are presented 

first. To determine the limitation region of the multiple foci, the method described 

in Section 8.2 was used for the given arrays. Four foci located on the corner of a 

square (Figure 8.3) in the focal plane(z = 8.0 cm) were generated by using this 

special phase and amplitude setting. The minimum distance between the four 

focal points and the relative peak intensity at four focal points as a function of 

the square root of the number of array elements are shown in Figure 8.4( a) and 

8.4(b), respectively. The peak value data were normalized by the 16-element array 

case. It can be seen that the distance between the focal points linearly increased 

as the square root of the number of array elements increased. The peak intensity 

decreased slowly as the square root of the number of array elements increased 

for a number of elements less than or equal to 256, and decreased faster for 400 

elements. 

The optimal multiple foci spacing required to generate a united thermal 

dose was investigated by varying the spacing between the foci, the maximum 

temperature level, and pulse durations. Figure 8.5 shows the 240 min isothermal 

dose lines for four different foci spacing, five temperature levels and three pulse 

durations for the 64-element array. Comparing these dose lines, it can be seen that 

the following three cases give the acceptable size and shape of necrosed tissue: (1) 

2 mm spacing, the maximum temperature above 80°C, 5 s pulse duration, and (II) 

2 mm spacing, the maximum temperature above 70°C, 10 s pulse duration, and 

(III) 3 mm spacing, the maximum temperature above 80°C, 10 s pulse duration. 

These results are for a low blood perfusion rate. 
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Figure 8.3 Contour plots of relative pressure amplitude squared distributions in 
the focal plane (z = 8.0 em). The number of phased array elements used in the 
simulations were: (a) 16, (b) 64, (c) 256, and (d) 400. 
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Figure 8.5 Isothermal dose lines at the focal plane for four different foci spacings. 
The foci spacings from top to bottom were: 1 mm, 2 mm, 3 mm, and 4 mm, 
respectively. The pulse durations used in the calculations from left to right were: 
1 s, 5 s, and 10 s, respectively. The maximum temperature levels used in each 
figures were: 1000 C (chain-dashed line), 90° C (chain-dotted line), 800 C (dashed 
line), 70 0 C (dotted line), 600 C (solid line). 
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To illustrate the effects of the phases and amplitudes of the control points 

on the ultrasound fields 1 two methods for selecting the phases and amplitudes of 

control points given in Section 8.1 were used in the simulations. Figure 8.6{ a, b) 

and 8.6{ e, f) show the power deposition patterns for a 64-element phased array 

by using the phase rotation methods for the control points. For the 8 foci case 

[Figure 8.6(a, b)], the control points were distributed on a square with a 4 mm 

side length, and a 90° phase difference between adjacent points. For the 12 foci 

case [Figure 8.6{e, f)], the outer 8 control points (on a 4 mm square) had 45° and 

the inner 4 control points (on a 2 mm square) had 90° phase difference between 

adjacent points. The corresponding power deposition patterns obtained by the 

maximum gain method are shown in Figures 8.6( c, d) and 8.6(g, h). Comparing 

these two methods, it can be seen that the maximum gain method tends to have 

more unwanted power deposition along the central axis. 

The optimal phased array for producing large necrosed tissue volumes with 

the smallest number of array elements was investigated next. The power depo

sition patterns with 16 foci generated by the 64-element array are shown in Fig

ures 8.7(a, b) (phase rotation method) and 8.7(e, f) (maximum gain method). 

The spacing between adjacent control points was 2 mm. The outer 12 foci were 

not clearly marked for this case. The corresponding lesion boundaries (240 min 

isothermal dose lines) for a 10 s pulse duration with four different maximum tem

perature levels are shown in Figures 8.7(c, d) and 8.7(g, h), respectively. The 

acceptable shape of the necrosed tissue volume was only obtained for a maximum 

temperature of 70°C. For the same control points, the power deposition patterns 

and lesion boundaries produced by a 256-element array are shown in Figure 8.8. 

The outer 12 foci were clearly obtained this time. The necrosed tissue volumes 
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were all acceptable for the maximum temperature less than 100°C using the phase 

rotation method, but none were acceptable when the maximum gain method was 

used. The power deposition patterns and lesion boundaries for 36 foci generated 

with a 256 and a 400-element arrays are shown in Figure 8.9. Spacing between ad

jacent control points of 2 mm was used in the simulations. It can be seen that the 

necrosed tissue volumes generated by the 256-element array are larger than those 

generated by the 400-element array for the temperature levels less than 90°C. 

The necrosed tissue volume for the high temperature levels (90°C and 100°C) 

produced by the 256-element array were not acceptable, but were acceptable for 

the 400-element array. However, the size of the necrosed tissue volumes (tem

perature levels 90°C and 100°C) for the 400-element array were not significantly 

larger than the necrosed tissue volumes for the 256-element array, especially in 

the lateral direction. To further increase the necrosed tissue volume, 36 control 

points with a 3 mm spacing between control points were used in the simulations 

for the the same arrays. The power deposition patterns and lesion boundaries are 

shown in Figure 8.10. It can be seen that the intensity ratio between the target 

and the interface dropped when an attempt was made to necrose a larger area. 

To illustrate the advantage of switching a few groups of multiple foci or 

scanning a single focus to produce the necrosed tissue volume, the 256-element 

array was used in the following simulations. Figures 8.11 (a) through 8.11 (d) show 

the results obtained by switching two groups of 4 and 12 multiple foci patterns 

to produce a total of 16 foci. The locations of the control points were the same 

as in Figure 8.8. Comparing these results with those shown in Figure 8.8, it can 

be seen that the necrosed tissue volume slightly increased in the axial direction 

with less near field heating for high temperature levels. Figures 8.11 (e) through 
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8.11{f) show the results obtained by switching three groups of 4, 12, and 20 

foci to generate a total of 36 foci. Comparing these results with Figures 8.9(a) 

through 8.9( d), the necrosed tissue volumes were significantly increased in the 

axial direction for the same temperature level. The power depositions and lesion 

boundaries produce by scanning a single focus are shown in Figure 8.12. For the 

16 foci case [Figures 8.12(a) through 8.12(d)], the necrosed tissue volumes are 

almost the same as the case where the 16 foci were generated simultaneously, but 

with less near field heating. For the 36 foci case [Figures 8.12(e) through 8.12(f)]. 

the necrosed tissue volumes are increased in the axial direction, and produced 

more near field heating compared to 36 foci generated by switching three groups 

of multiple foci. 

Finally, the truncation of phase errors was studied for these four arrays with 

different numbers of multiple foci. The relative deviation errors as a function of 

the number of bits of resolution are shown in Figure 8.13. The relative deviation 

errors were calculated for the whole focal plane. It can be seen that 6 to 8 bits 

resolution are required. 



(I) 

-1+---~~---T----~----~~~----~--~ 
3 e 7 8 9 10 

Z-Distance (em) 

(e) 
_ ~.C» _ 

_!o~~ 
-~-

o 

-0.:1 -G> 
-1+---~~---T----~~<?"-~--~----~--~ 

] 0.:1 

~ 
t! 

o 

is -0.:1 
I 

3 4 ~ e 7 8 9 10 
Z-Distance (em) 

(g) 

>< -1+---~~--~~--~~ __ ~~~ ____ ~ __ ~ 
3 ~ B 7 8 10 

Z-D1stance (em) 

(b) 
000 

o 

-0.6 000 

-1-+-...................... .,......-1 
-1 -o.!! 0 O.l! 1 
X-Distance (em) 

s (d) 
S 0.:1 

j o • ••• • 
• •••• 
• •••• 

S -0.:1 
I 

>- -1-+-...,... ....... _.,......-1 
-1 -O.lI 0 O.ll 1 
X-Distance (em) 

(f) 
a 0 0 

o 

-0.6 o 0 a 

-1-+-...,........,. ....... .,......-1 
-1 -O.lI 0 0.11 1 
X-Distance (em) 

lh) 

o 

-O.ll 

-1-+-........................ .,......""" 
-1 -O.~ 0 0.5 1 
X-Distance (em) 

154 

Figure 8.6 Contour plots of power deposition patterns for the 64-element array. 
The method for selecting the phases and amplitudes of the control points were: 
(a, b), (e, f) phase rotation method; (c, d), (g, h) maximum gain method. The 
figures on the left are axial plane distributions (y = 0), and on the right are focal 
plane distributions (z = 7.9 cm). 
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Figure 8.7 The power deposition pattern (a, b) and lesion boundaries (c, d) 
obtained with the 64-element array and the phase rotation method for the control 
points. The power deposition pattern (e, f) and lesion boundaries (c, d) obtained 
with the 64-element array and the maximum gain method. The spacing between 
adjacent control points was 2 mm. An ultrasound pulse duration of 10 s was used 
in the thermal dose calculations. The maximum temperature level was: 100°C 
(dotted line), 90° C (dashed line), 80° C (chained line), and 70° C (solid line). The 
figures on the left are axial plane distributions (y = 0), and on the right are focal 
plane distributions (z = 7.9 em). 
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Figure 8.8 The power deposition pattern (a, b) and lesion boundaries (c, d) 
obtained with the 256-element array and the phase rotation method for the control 
points. The power deposition pattern (e, f) and lesion boundaries (c, d) obtained 
with the 256-element array and the maximum gain method. The spacing between 
adjacent control points was 2 mm. An ultrasound pulse duration of 10 s was used 
in the thermal dose calculations. The maximum temperature level was: lOOoe 
(dotted line), 90° e (dashed line), 80° e (chained line), and 70° C (solid line). The 
figures on the left are axial plane distributions (y = 0), and on the right are focal 
plane distributions (z = 7.9 cm). 
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Figure 8.9 The power deposition pattern (a, b) and lesion boundaries (c, d) 
obtained with the 256-element array. The power deposition pattern (e, f) and 
lesion boundaries (g, h) obtained with the 400-element array. The spacing between 
adjacent control points was 2 mm. An ultrasound pulse duration of 10 s was used 
in the thermal dose calculations. The maximum temperature level was: 100°C 
(dotted line), 90°C (dashed line), 80°C (chained line), and 70°C (solid line). The 
figures on the left are axial plane distributions {y = 0, and on the right are focal 
plane distributions (z = 7.9 cm). 
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Figure 8.10 The power deposition pattern (a, b) and lesion boundaries (c, d) 
obtained with the 256-element array. The power deposition pattern (e, f) and 
lesion boundaries (g, h) obtained with the 400-element array. The spacing between 
adjacent control points was 3 mm. An ultrasound pulse duration of 10 s was used 
in the thermal dose calculations. The maximum temperature level was: lOOoe 
(dotted line), 90° C (dashed line), 80° C (chained line), and 70° C (solid line). The 
figures on the left are axial plane distributions (y = 0), and on the right are focal 
plane distributions (z = 7.9 em). 
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Figure 8.11 The power deposition pattern (a, b); and lesion boundaries (c, 
d) obtained by switching the two groups of multiple foci. The power deposition 
pattern (e, f); and lesion boundaries (g, h) obtained by switching the three groups 
of multiple foci. A 256-element phased array was used in the simulations. An 
ultrasound pulse duration of 10 s was used in the thermal dose calculations. The 
maximum temperature level was: 100°C (dotted line), 90°C (dashed line), 80°C 
(chained line), and 70° C (solid line). The figures on the left are axial plane 
distribution (y = 0), and on the right are focal plane distributions (z = 7.9 cm). 
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Figure 8.12 The power deposition patterns (a, b), (e, f); and lesion boundaries (c, 
d), (g, h) obtained by scanning a single focus with the 256-element phased array. 
An ultrasound pulse duration of 10 s was used in the thermal dose calculations. 
The maximum temperature level was: 100° C (dotted line), 90° C (dashed line), 
80°C (chained line), and 70°C (solid line). The figures on the left are axial plane 
distributions (y = 0), and on the right are focal plane distributions (z = 7.9 em). 
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8.6 Discussion of phased array optimization 

The experimental results for the 16-element and 64-element phased arrays 

agreed well with the corresponding simulation results. The simulation results 

accurately predicted the locations and the shape of foci. The simulation results 

tended to have narrower foci than the experimental results. This phenomena is 

similar to results seen for the single focused transducers. The differences betwccn 

the experimental and simulations results may be due to the measurement errors 

and the nonuniform emitted power from the surface of elements. 

The multiple foci region for a given array can be determined by using 0 

and 1f alternating phases with equal amplitudes for the excitation source. It is 

important to know the multiple foci boundary so that the control points in the 

focal plane could be selected to produce desired focal points. When an attempt is 

made to generate multiple foci outside this region, the secondary foci will have a 

higher pressure field than the primary foci. Therefore the multiple foci cannot be 

generated outside this limited region. The boundary limitation for a single focus 

produced by a phased array is smaller than for multiple foci regions. 

The optimal foci spacing is dependent on the level of the maximum tem

perature, pulse duration, size of foci, and tissue perfusion. For the arrays used 

in this study, the optimal foci spacing was 2 mm for a maximum temperature of 

80°C with a 5 s pulse, or for a maximum temperature of 70°C with a 10 s pulse, 

and 3 mm for a maximum temperature of 80°C with a 10 s pulse. These results 

are not valid for high blood perfusion. 

The phases and amplitudes of the control points used in the inverse calcu

lations have an impact on the ultrasound field associated with excitation sources. 

This can be understood by imagining the control points as point sources. These 
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sources will produce interference fields according to the phases of these points. 

Both the phase rotation method for the control points and the maximum gain 

method can be used to determine the phases and the amplitudes of the excitation 

sources in the inverse calculations. The maximum gain method does not minimize 

acoustic interference in the near field. When control points were selected near the 

boundary of a multiple foci region, the ultrasound fields tended to have unwanted 

high ultrasound field distributions. In this case to avoid normal tissue damage, 

the necrosed tissue can only be obtained by lowering the maximum temperature. 

For control points were sekcted on an area larger than 10 x 10 mm2 in 

the focal plane, the intensity ratio between the focal plane and the interface will 

decrease. Therefore, the ultrasound field will produce near field heating and cause 

normal tissue damage. The 400-element array cannot generate a significantly 

larger necrosed tissue volume than the 256-element array by producing multiple 

foci in the focal plane simultaneously. Therefore, for phased arrays having a 

projection area of 8.8 x 8.8 cm2 , a 8 em radius of curvature, and an operating 

frequency of 1.5 MHz, the optimal number of array elements is 256. 

Electrical switching of multiple foci or scanning of a single focus can be used 

to reduce the near field heating which could occur when all of foci are generated 

simultaneously. However, switching more groups of foci or scanning a single focus 

over a large area is not recommended. These method are useful when more focal 

points required but only a small number of array elements is available. 

To reduce the phase truncation error due to the hardware driving system, 

6 to 8 bits of resolution are necessary for the arrays studied here. 
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CHAPTER 9 

SUMMARY AND CONCLUSIONS 

This study consisted of two parts: (1) Two improved numerical models 

were developed to calculate ultrasound field distributions in layered medium; (2) 

The feasibility of using spherically curved phased arrays in ultrasound surgery 

was investigated. 

The numerical models for calculating the ultrasound field in layered 

medium were developed and experimentally tested. The new models took into 

account the ultrasound wave reflection and refraction at the tissue interfaces. The 

experimental results used for model verification were in good agreement with the 

corresponding theoretical simulations. Therefore, the models could be used to 

predict the effects of layered medium on ultrasound wave propagation. The simu

lation results showed that the effect of tissue interfaces could be ignored for most 

situations in ultrasound hyperthermia and surgery. However, in some instances 

the acoustic focus may be shifted several millimeters off axis in layered medium. 

Therefore, it is important to consider the tissue interfaces in small tumor treat

ments and in treatments close to critical structures. In principle, the new models 

can be used in treatment planning for ultrasound hyperthermia and surgery. The 

problems that still remain are: (1) the acoustic properties of tissue cannot be 

known exactly prior to the treatment; (2) the normal velocity of the transducer 
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may not have uniform amplitude; (3) the nonlinear effects of acoustic waves was 

not considered in these models. 

Spherically curved phased arrays have been studied in this dissertation. 

Phased arrays have shown great potential as ultrasound applicators for generat

ing necrosed tissue volumes in ultrasound surgery. The experimental results for 

the 16-element array and 64-element array agreed well with the corresponding 

the simulation results. Spherically curved ultrasound phased arrays can be used 

to control the size of necrosed tissue by generating multiple foci, by scanning a 

single focus, or by switching groups of multiple foci within the target volume. 

The treatment time for large tumors can be significantly reduced by using phased 

arrays instead of similar focused single transducers. To avoid normal tissue dam

age during multiple sonications in the treatment of a tumor, sufficient delay time 

between consecutive pulses is necessary. More spherically curved phased array 

theory was explored in this study. The multiple foci region in the focal plane for 

the spherically curved phased array can be determined by setting the excitation 

sources with phases 0 and 7r alternating and uniform amplitude. The phases and 

amplitudes of the control points can be obtained by the maximum gain method 

or the phase rotation method. The phases and the magnitudes of control points 

have an impact on the ultrasound field distributions. Simulation results showed 

that for a given phased array, there is a limit on the size of the necrosed tissue 

that can be generated due to the size of the aperture. For phased arrays having 

the same total projected area, radius of curvature, and operating frequency, there 

is an optimal number of array elements which will generate the largest necrosed 

tissue volume with the fewest number of elements. The ultrasound field for a 
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given phased array was not optimized in this work, and further investigation can 

be done based on the work done in this study. 
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APPENDIX A 

PLANE WAVE THEORY 

Consider a plane, Qne dimensional acoustic wave is traveling in two lay

ered medium with the flat plane interface, see Figure 2.3. The acoustic velocity 

potential for incident, reflected, and transmitted waves is given by 

~j(r) = Ai exp(iwDi . rlcl) 

~r(r) = Ar eXp(iWDr . rlcI) , 

~t(r) = At exp(iWDt . rlc2) 

(A.l) 

where W is the angular frequency; Di, Dr, Dt are unit vectors normal to the 

direction of wave propagation; Ai, Ar, At are the amplitude of the incident, the 

reflected and the transmitted wave; r is the two dimensional position vector; Ci is 

the velocity of sound in medium i, i = 1,2. Notice that the bold face character 

represents a vector in this appendix. In terms of the coordinate system, unit 

normal vectors are given by 

Dj = isin(Od - j cos(Od 

Dr = isin(Or) + j COs(Or) , 

Dt = isin(Ot} - j cos(Od 

(A.2) 

where OJ, ()r, ()t are the incident, the reflected and the transmitted angles refer-

enced to the normal of the interface; i and j are unit vectors in the x and the y 
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direction. Since the position vector is r = ix + jy, the velocity potential can be 

written as 

'1/Jt(x,y) = Atexp[iw(xsin(8t) -ycos(8t})/C2] 

Since acoustic pressure P = pa'lj; / at and the velocity V = - 'V 'Ij;, the pressure and 

velocities for incident, reflected and transmitted waves are 

(AA) 

(A.5) 

V t = iwl/Jt [-i sin( 8t} + j cos( 8t}] / C2 

The boundary conditions are that the acoustic pressure and the normal component 

of the velocity are continuous across the interface at y = 0, i.e, 

From equation (A.6.b), the following relation can be obtained, 

cos(8 j ) (. x. ) cos(8r ) (. x. ) 
-~...:..Ai exp zw- sm(8i ) - Ar exp zw- sm(8r ) 

Cl Cl Cl CI 

(A.6.a) 

(A.6.b) 

- cos(8t
) At exp (iW~ sin(8t )) = O. 

C2 C2 
(A.7) 

Equation (A.7) must hold for any value of x, therefore the following two equalities 

can be obtained 

(A.8) 
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which leads to 

(h = ()r and C2 sin( ()i) = Cl sin( ()t). (A.9) 

Applying these results to the boundary condition for the velocity (equation 

(A.6. b)) yields 

(A.lO) 

Here the notation for () was changed to ()j -+ ()1, ()t -+ ()2. Similarly, the boundary 

condition for the pressure, given by equation (A.6.a) becomes 

(A.ll ) 

Solving the system of equations (A.lO) and (A.ll), the equations for the ampli-

tudes of AT and At in terms of Ai are 

At = 2PI C2 cos( ()1 ) Ai. 
P2 C2 cos( ()t) + PI CI cos( ()2) , 

(A.12) 

AT = P2 C2 cos(()t) - PICI COS(()2) Ai. 
P2 C2 cos( ()t) + PI Cl cos( ()2) 

(A.13) 

The acoustic pressure amplitudes for the incident, the reflected and the transmit-

ted waves from equation (AA) are 

(A.14) 

Using equation (A.12), the acoustic pressure transmission coefficient is 

(A.15) 

where Zj = PiCj is the acoustic impedance in medium i, i = 1,2. From equation 

(A.5), the amplitudes of the velocities for the incident, the reflected, and the 

transmi tted waves are 

(A.16) 
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FinallYl the velocity transmission coefficient is 

T _ AY _ 2Z1 COS(BI) 
v - Ai - Z2 cos( ( 1 ) + Z1 cos( ( 2 ) , 

(A.17) 

and the velocity reflection coefficient is 

Rv = A~ = Z2 COS(01) - Z1 COS(02) . 
Ai Z2 cos( ( 1 ) + Z 1 cos( ( 2 ) 

(A.18) 



171 

APPENDIX B 

AMPLITUDE DIMINUTION FACTOR 

Differentiating equation C.1 (see Appendix C) produces the following re-

lation 

'B
J
. __ C j cos (Bt) 'B

1
, u u j = 2,,,' ,N. 

Cl cos( Bj ) 

Differentiating equation C.2 (see Appendix C) and applying the above relation 

yields 

dW = cos( ( 1 ) [~Hj sec2(Bj) Cj ] dB1 • 
~ ~ c~(BJ') 

J=1 

Since WI = HI tan(Bt}, its differential is dWI = HI sec2 (BddB1 • The amplitude 

diminution factor, A(Bt}, is obtained by combining the above relations: 

A(O,) = [~~~r' 

cos( 0,)/ c, Ct. Hj tan( OJ)) C~, H; sec' (0; )c;/ COS(Oj)) 80, 

This equation can be rewritten as 

HI 
A(Bj ) = 1/2 1/2' 

[H' + ;~, C;H;/COS(Oj)] [H' +;t. C;HjCOS3 (Oj)] 

where the following relation has been used 

tan( B j ) C j cos( Bd 
tan( Bt} - CI cos( B j )' 

1/2 



APPENDIX C 

NEWTON-RAPHSON METHOD 

C.l Equation for finding ray trace 

For given point sources in an N layered medium with parallel plane inter

faces, the ray trace of the acoustic wave can be found in terms of the velocity of 

sound Ci and the thickness of the layers Hi, i = 1"", N. According to Snell's 

law, the following system equations can be obtained 

(C.1) 

where ()i is the angle of incidence in medium i and Ci is the velocity of sound in 

medium i. In order to solve ()i uniquely, one more equation is needed 

N 

W = L Hi tan(()i), (C.2) 
i=l 

where W is the distance in the X-axis direction between the point source and the 

field point of interest. 

The Newton-Raphson numerical method (Press et al., 1989), was used to 

solve the nonlinear system of equations given by equation (C.1) and (C.2). Define 

the following functions by using the relation sin( Od = Xd J Hl + Xl, 

{ 

h(Xl,X2,"',XN) = Civ'H~:+X?+l - Ci+l v'H~~X?, 

fN(X I ,X2,'" ,XN) = Xl +X2 + ... +Xn - W 

i = 1"" ,N - 1, 

(C.3) 



then the matrix equation 
N 

L O'.i.j5Xj = /3i 
j=l 

can be solved by LU decomposition (Press et ai., 1989), where 

Xj is obtained by the following iteration procedure. 

X!1 ew = X?'d + 5X' i = 1,···., N. I I I, 
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(C.4) 

(C.5) 

(C.6) 

The iteration continues until 8Xj is less than a given tolerance. Finally, the 

incident angle (}j is obtained from Xj. 

C.2 Method for solving the matrix equation 

The matrix in equation (CA) has the following form (assume it's N x N) 

au a12 0 0 
0 a22 a23 0 0 

A= 

0 0 aN-IN-l aN-IN 

1 1 1 

The matrix A is sparse and almost triangular. In order to save computation time, 

a simplified Gaussian elimination technique is used to solve the linear system of 

equations AX = B. Note that only the last row needs to be row reduced, i.e., all 

entries in the last row are zeroed except for the N N entry. Consequently, only 

the last row in the column matrix B will change, i.e. 
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where 

{ 

LNI = 1 
LN2 = 1 - LNlal2!all 

LNN-l = 1 - LNN-2aN-2N-I/aN-2N-2 

After some algebra, the matrix A can be manipulated into an upper triangular 

matrix, with the same element values as the original A matrix elements, except 

for the following changes in the last row. All entries in the last row become zero 

except for the N N entry which becomes 

The value for X can be obtained by back substitution. 
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APPENDIX D 

DISTANCES CALCULATIONS 

D.l Distance from a point to a plane 

The distance d from a point (xo,Yo, zo) to a plane Ax + By + Cz + D = 0 

is given by 

d = IAxo + Byo + CZo + DI , 
v'A2 + B2 + C2 

where (A, B, C) is the normal direction of the plane. 

D.2 Distance W along a plane between two points 

separated by the plane 

(D.1) 

Consider two points (Xj, Yi,Zi), i = 1,2 separated by a plane (Figure 

D.1). From each point draw a line perpendicular to the plane and denote the 

intersection points on the plane as (Xi, Yi, zd, i = 1,2. The distance between 

these two points needs to be found. Assume the plane equation is 

Ax + By + C z + D = o. 

The two line equations can be written as 

Yj - Yi 
B 

(D.2) 

(D.3) 



176 

where the lines are in the direction of (A, B, C) and tj is a parameter. From 

equation (D.3) the following relation can be obtained 

(DA) 

Since (Xi, Yi, Zj) is on the plane, it must satisfy equation (D.2). Substitute equation 

(DA) into equation (D.2), and solve for tj, 

t. __ AXi + Bli + CZj + D 
1- A2 + B2 + C2 

The distallce between these two points is given by 
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plane 

I 

Figure D.l Two points separated by the plane. 
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APPENDIX E 

MULTIPLE FOCI BOUNDARY 

The 256-element phased array was used as an example to verify the method 

of determining the multiple foci region in the focal plane. The multiple foci region 

is a square area bounded by four focal points located on the corner. The side 

length of the square for the 256-element array is 1.45 em [Figure E.1 (a)]. 

The first thing to prove is that if an attempt is made to generate multiple 

foci outside the region, the secondary foci will have a higher peak value than the 

primary foci. Figure E.1{b) shows the simulation results for four control points 

located at the corners of a square with side length 1.65 cm. Figure E.1( d) shows 

the simulation results for four control points located at the corners of a diamond 

with diagonal length 1.65 cm. It can be seen that for both cases, the peak values 

of the primary foci at the control points were less then the secondary foci. 

Next, it is shown that multiple foci can be generated inside the boundary. 

Figure E.1 ( c) shows the simulation results for four control points located at the 

corners of a square with side length 1.25 cm. Figure E.1(e) shows the simulation 

results four control points located at the corners of a diamond with diagonal 

length 1.45 cm. It can be seen that for both cases, four foci were generated at the 

control points with the peak value of the primary larger than the secondary. 
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Figure E.! Contour plots of relative pressure amplitude squared distributions in 
the focal plane. (a) obtained by setting the excitation sources with alternating 
phases of a and 7r and uniform amplitude. (b) and (c) obtained by selecting 
control points on the corner of a square with side length 1.65 cm and 1.25 cm, 
respectively. (d) and (e) obtained by selecting control points on the corner of a 
diamond with diagonal length 1.65 cm and 1.45 cm, respectively. 
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